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INTRODUCTION 


The  selection  of  materials  to  most  effectively  satisfy  new  environ- 
mental requirements  and  increased  design  load  requirements  for  advanced  Air 
Force  weapons  systems  is  of  vital  importance.  A major  difficulty  that  design 
engineers  encounter,  particularly  for  newly  developed  materials,  materials 
processing,  and  product  forms,  is  a lack  of  sufficient  engineering  data  to 
effectively  evaluate  the  relative  potential  of  these  developments  for  a 
particular  application. 

In  recognition  of  this  need,  the  Air  Force  has  sponsored  several  pro- 
grams at  Battelle's  Columbus  Laboratories  to  provide  comparative  engineering 
data  for  newly  developed  materials.  The  materials  included  in  these  evaluation 
programs  were  carefully  selected  to  Insure  that  they  were  either  available  or 
could  become  quickly  available  on  request  and  that  they  would  represent 
potentially  attractive  alloy  projections  for  weapons  system  usage.  The  results 
of  these  programs  have  been  published  in  six  technical  reports,  AFML-TR-67-418, 
AFML-TR-68-211,  AFML-TR-70-252 , AFML-TR-71-249,  AFML-TR-72-196,  Volumes  I and 
II,  and  AFML-TR-73-114. 

This  technical  report  is  a result  of  the  continuing  effort  to  relieve 
the  above  situation  and  to  stimulate  interest  in  the  use  of  newly  developed 
alloys,  or  new  processing  techniques  for  older  alloys,  for  advanced  structures. 

The  materials  evaluated  under  this  program  are  as  follows 

(1)  7049 -T7351  plate 

(2)  Inconel  617  annealed  sheet 

(3)  7475-T7351  plate 

(4)  2419-T851  plate 

(5)  Ti-6Al-2Zr-2Sn-2Mo-2Cr  duplex  annealed  forging 

(6)  Ti-6Al-2Cb-lla-lMo  annealed  plate 

(7)  T1-6A1-4V  beta-annealed  plate 

(8)  T1-6A1-4V  annealed  castings 

(9)  T1-6A1-4V  isothermal  forgings 

(10)  Incoloy  903  heat-treated  sheet 

(11)  201.0  17  castings. 

The  temper  or  heat-treat  conditions  selected  for  evaluation  are 
described  in  each  alloy  section. 

The  program  approach  was,  as  on  previous  contracts,  to  search  the  pub- 
lished literature  and  to  contact  metal  producers  and  aerospace  companies  for  any 
pertinent  data.  If  very  little  pertinent  information  was  available,  a complete 
material  evaluation  was  conducted.  On  this  program  a complete  evaluation  was 
conducted  for  each  material.  Upon  completion  of  each  evaluation,  a "data  sheet" 
was  issued  to  make  the  information  immediately  available  to  potential  users 
rather  than  defer  publication  to  the  end  of  the  contract  term  and  this  summary 
technical  report.  These  data  sheets  are  reproduced  as  Appendix  III  of  this  report. 

Detailed  information  concerning  the  properties  of  interest,  test  tech- 
niques, and  specimen  types  are  contained  in  Appendices  I and  II  of  this  report. 
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7049-T7351  Aluminum  Alloy  Plate 


Material  Description 


Alloy  704°  was  developed  by  Kaiser  Aluminum  and  Chemical  Corporation. 
The  development  aim  was  for  an  alloy  with  a strength  level  in  the  range  of  7075- 
T6  and  7079-T6  coupled  with  a high  resistance  to  stress  corrosion  cracking. 
Initial  development  and  production  was  in  the  form  of  forgings  and  hand  forgings. 
Further  development  has  been  in  the  form  of  extrusions  and  plate. 

The  materia]  evaluated  on  this  program  was  a 3-inch  thick  plate  from 
Kaiser  lot  number  680201.  The  material  had  the  following  composition: 

Chemical 


Composition 

Percent 

Zinc 

7.6 

Magnesium 

2.5 

Copper 

1.5 

Chromium 

0. 15 

Silicon 

0.75  max 

Iron 

0.3 5 max 

Titanium 

0.10  max 

Manganese 

0. ?0  max 

Aluminum 

balance 

Processing  and  Heat  Treating 


The  sper'tner  layout  i'  ••hpw  in  figure  i.  Specimens  were  tested  in 
the  as  received  7 ' ^ r- 1 "-iippr  , 


Test  Results 


Tension.  Tests  were  conducted  at  r'*om  temperature,  250  F,  350  F,  and 
500  F on  both  longitudinal  and  long  transverse  specimens.  Test  results  are  given 
in  Table  I.  Typical  stress-strain  curves  at  temperature  are  presented  in  Figures 
2 and  3.  Ef fect-of-temperature  curves  are  presented  in  Figure  6. 


Compression.  Tests  were  conducted  at  room  temperature,  250  F,  350  F, 
and  500  F on  both  longitudinal  and  long  transverse  specimens.  Test  results  are 
given  in  Table  II.  Typical  stress-strain  and  tangent -modulus  curves  at  tempera- 
ture are  presented  in  Figures  4 and  5.  Ef fee t -cf-teniperature  curves  are  shown 
in  Figure  7. 


Shear . Tests  were  conducted  at  room  temperature  only  on  pin-shear  type 
longitudinal  and  long  transverse  specimens.  Test  results  are  given  in  Table  III. 
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Trocture  Toughness 


6ii[zn]65Siz55j5S5ltS5]  'SS|6frS]z«|  !2t^]8frS 


Impac t . Charpy  V-notch  test  results  for  longitudinal  and  long  trans 
verse  specimens  are  given  in  Table  IV. 


Fracture  Toughness.  Results  of  slow-bend  type  tests  in  both  the 
longitudinal  (L-T)  and  long  transverse  (T-L)  directions  are  given  in  Table  V. 
Specimens  were  1.00  inch  thick  by  2.00-inches  wide  with  a span  of  8 inches.  The 
candidate  Kq  values  shown  in  Table  V are  considered  valid  Kjc  values  by  existing 
ASTM  criteria. 


Fatigue.  Axial-load  test  results  for  long  transverse  specimens  at  a 
load  ratio  of  R * 0.1  are  given  in  Tables  VI  and  VII.  These  tests  were  conducted 
at  room  temperature,  250  F,  and  350  F for  both  unnotched  and  notched  (Kt  = 3.0) 
specimens.  These  data  are  presented  as  S-N  curves  in  Figures  8 and  9. 


Creep  and  Stress-Rupture.  Results  of  tests  on  long  transverse  speci- 
mens at  250  F,  350  F,  and  500  F are  given  in  Table  VIII.  Log-stress  versus  log- 
time curves  are  presented  in  Figure  10. 


Stress  Corrosion.  Specimens  were  tested  as  described  in  the  experimental 
procedures  section  of  this  report.  No  failures  or  cracks  occurred  in  the  1000-hour 
test  duration. 


Thermal  Expansion.  The  coefficient  of  thermal  expansion  for  this  alloy 
is  12.9  x 10"B  Ln./in./F  for  68  F to  212  F. 

Density.  The  density  of  this  material  is  0.099  lb, /in3. 
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TABLE  I.  TENSILE  TEST  RESULTS  FOR  7049-T735I  ALLOY  PLATE 


Ultimate 

Tensile 

Specimen  Strength, 

Number  ksi 

0.2  Percent 
Offset  Yield 
Strength, 
ksi 

Elongation 
in  2 Inches, 
percent 

Reduction 
in  Area, 
percent 

Tensile 
Modulus , 
103  ksi 

Longitudinal  at  Room  Temperature 

1L-1 

75.8 

65.8 

12.0 

32.3 

10.3 

1L-2 

75.4 

67.3 

13.5 

37.8 

10.1 

1L-3 

75.2 

66.5 

13.5 

38.2 

10.3 

Average 

75.5 

66.5 

13.0 

36.1 

10.2 

Long  Transverse  at 

Room  Temperature 

IT-1 

73.1 

63.4 

10.5 

24.4 

10.4 

IT-2 

77.6 

68.0 

10.5 

25.8 

10.3 

IT-3 

73.0 

62.8 

11.0 

26.5 

10.4 

Average 

74.6 

64.7 

10.7 

25.6 

10.4 

Longitudinal 

at  250  F 

1L-4 

59.2 

59.0 

18.5 

53.8 

9.2 

1L  5 

59.3 

58.7 

18.0 

50.9 

9.5 

1L-6 

58.5 

58.5 

18.0 

55.7 

9.2 

Average 

59.0 

58.7 

18.2 

53.5 

9.3 

Long  Transverse  at  250  F 

IT-4 

60.2 

58.6 

15.5 

44.3 

9.6 

IT-5 

62.2 

61.2 

15.0 

41.4 

9.6 

IT -6 

60.0 

58.6 

16.0 

44.7 

9.4 

Average 

60.8 

59.5 

15.5 

43.4 

9.5 

Longitudinal 

at  350  F 

1L-7 

45.7 

45.4 

20.0 

64.5 

7.7 

1L-8 

45.8 

45.7 

20.0 

63.5 

8.2 

1L-9 

44.7 

44.3 

20.5 

66.8 

8.1 

Average 

45.4 

45.1 

20.2 

64.9 

8.0 

Long  Transverse  at  350  F 

IT-7 

46.1 

45.8 

17.0 

53.7 

8.8 

IT-8 

48.4 

47.2 

17.0 

54.3 

7.9 

IT-9 

46.6 

45.9 

18.0 

55.9 

8.5 

Average 

47.0 

46.3 

17.3 

54.6 

8.4 

Longitudinal 

at  500  F 

1L-10 

14.9 

14.7 

32.0 

85.8 

5.4 

1L-11 

15.0 

14.8 

33.0 

87.3 

6.2 

1L-12 

15.4 

15.2 

30.5 

85.9 

6.3 

Average 

15.1 

14.9 

31.8 

86.3 

6.0 

Long  Transverse  at  500  F 

1T-I.0 

16.6 

16.6 

27.5 

81.5 

6,1 

IT-11 

17.3 

17.2 

30.0 

84.0 

5.3 

IT-12 

17.8 

17.7 

29.0 

84.0 

5.8 

Average 

17.2 

17.2 

28.8 

83.2 

5.7 
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CUMPRLSSIUN  TEST  RESULTS  FUR  7049-17351  ALLOY  PLATE 


, L 


0.3  Percent  Offset 

Specimen  Yield  Strength,  Compressive  Modulus, 

Number  ksi  lOT*  ksi 


l.o  ng  lend  in.  i.  at  Room  Temperature 


2 1.-1 

64.6 

10.8 

2l-2 

63.6 

10.7 

21.-3 

64.  U 

10.9 

Average 

34.1 

10.8 

Look  1 tunsverse  at  Room  Temuerature 

3 1'  1 

06 . 0 

10.9 

2 1 -2 

71.0 

11.1 

21-  3 

70.7 

10.6 

Average 

69.2 

10.9 

Longitudinal  at  250  F 

2L-4 

57.2 

9.4 

21. -5 

56.6 

9.1 

2L-6 

56.7 

9.8 

Average 

56.8 

9.4 

Long  Transverse  at  250  F 

2T-4 

60.4 

9.7 

2T-5 

56.7 

9.9 

2T-6 

62.3 

9.6 

Average 

59.8 

9.7 

Longitudinal  at  350  F 

2L-7 

44.1 

8.0 

21.-8 

44.5 

8.2 

21. -9 

44.7 

8.1 

Average 

44.4 

8.1 

Long  Transverse  at  350  F 

21 -7 

48.1 

8. 1 

2T-8 

47.7 

8.4 

2T-9 

46.8 

8.4 

Average 

47.5 

8.3 

Longitudinal  at  500  F 

21.  10 

16. 1 

7.1 

21.-11 

16.6 

6.8 

2L-12 

17.3 

6.7 

Average 

16.7 

6.9 

Long  Transverse  at  500  F 

21  -10 

15.8 

6.9 

21  11 

17.6 

7.5 

i'  U 

17.7 

6.5 

Ave  ragt 

17.0 

7.0 

It 
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TABU:  III.  PIN  SHEAR  TEST  RESULTS  FOR 
7049 -T7 351  ALLOY  PLATE  AT 
ROOM  TLMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Strength,  ksl 

Longitudinal 

4L-1 

45.4 

4L-2 

42.4 

4L-3 

46.4 

4L-4 

50.2 

Average  46.1 

Long  Transverse 

4T-1 

48.3 

4T-2 

44.1 

4T-3 

43.0 

4T-4 

46.3 

Average  45 . 4 

TABLE  IV. 

IMPACT  TEST  RESULTS  FOR 
7049-T7351  ALLOY  PLATE 
AT  ROOK  TEMPERATURE 

Specimen 

Number 

Energy, 

ft/lb 

Longitudinal 

10L-1 

0.0 

10L-2 

5.0 

10L-3 

5.0 

10L-4 

5.0 

10L-5 

6.0 

10L-6 

6.0 

Average 

5.8 

Long  Transverse 

10T-1 

3.0 

10T-2 

4.0 

10T-3 

4.0 

10T-4 

3.0 

10T-5 

3.0 

10T-6 

3.0 

Average 

3.3 
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TABLE  V.  RESULTS  OF  S LOW-BEND  TYPE  FRACTURE  TOUGHNESS  TESTS 
FOR  7049 -T7 351  PLATE  AT  ROOM  TEMPERATURE 


Specimen 

Number 

w, 

inches 

a. 

inches 

B, 

inches 

Span, 

inches 

f<§> 

KqU) 

Longitudinal  (L-T) 

6L-1 

2.00 

0.934 

1.00 

5,000 

8.0 

2.403 

34.0 

6L-2 

2.00 

0.952 

1.00 

4,700 

8.0 

2.470 

32.8 

6L-3 

2.00 

0.964 

1.00 

4,750 

8.0 

2.517 

33.8 

6L-4 

2.00 

0.964 

1.00 

4,850 

8.0 

2.517 

34.5 

6L-5 

2.00 

0.982 

1.00 

4,700 

8.0 

2.589 

34.4 

6L-6 

2.00 

0.938 

1.00 

5,050 

8.0 

2.418 

34.5 

Average 

34.0 

Long  Transverse  (T-L) 

6T-1 

2.00 

0.886 

1.00 

4,550 

8.0 

2.237 

28.8 

6T-2 

2.00 

0.956 

1.00 

3,950 

8.0 

2.486 

27.8 

6T-3 

2.00 

0.966 

1.00 

3,850 

8.0 

2.525 

27.5 

6T-4 

2.00 

0.980 

1.00 

3,810 

8.0 

2.581 

27.8 

6T-5 

2.00 

0.966 

1.00 

3,910 

8.0 

2.525 

27.9 

6T-6 

2.00 

0.952 

1.00 

4,080 

8.0 

2.471 

28.5 

Average 

28.1 

(a)  These  candidate  Kq  values  are  considered  valid  KIc  values  by  existing 
ASTM  standards. 
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TABLE  VI.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 
UNNOTCHED  7049-T7351  ALLOY  PLATE 
(LONG  TRANSVERSE,  R * 0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

Room  Temperature 

5-1 

60 

12,700 

5-6 

55 

31,100 

5-2 

50 

48,300 

5-7 

45 

92,970 

5-3 

40 

93,500 

5-3 

35 

12,758,600(a) 

5-4 

30 

10,361, 500(a) 

250  F 

5-9 

60 

12,900 

5-10 

55 

27,500 

5-11 

50 

33,700 

5-12 

45 

64,600 

5-13 

40 

91,600 

5-14 

35 

125,000 

5-15 

30 

167,500 

5-16 

25 

I0,068,600(a) 

350  F 

5-17 

60 

100 

5-18 

50 

400 

5-22 

45 

25 , 100 

5-23 

40 

45,200 

5-21 

40 

64,300 

5-19 

35 

174,700 

5-20 

30 

3,529,000 

5-24 

25 

7,954,100 

5-25 

20 

16,836,600(a) 

(a)  Did  not  fail 
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TABLE  VII.  AXIAL  LOAD  FATIGUE  RESULTS  FOR  UOTCHED 
(Kt  -3.0)  7049-T7351  ALLOY  PLATE 
(LONG  TRANSVERSE,  R * 0.1) 


Specimen  Maximum  Lifetime, 

Number  S trees,  ksi  cycles 


Room  Temperature 

5-31 

45 

3,700 

5-32 

40 

5,200 

5-33 

35 

11,600 

5-34 

30 

18,900 

5-35 

25 

32,700 

! 5-37 

20 

177,100 

5-36 

15 

2,965,700 

5-38 

10 

2,784,200 

5-46 

10 

11,989, 200(a) 

250  F 

5-39 

40 

5,000 

5-40 

35 

8,800 

5-41 

30 

17,800 

5-42 

25 

39,600 

5-43 

20 

79,500 

5-44 

15 

835,400 

5-45 

10 

1,630,400 

5-46 

10 

10,300,000(a) 

350  F 

5-48 

40 

3,300 

5-49 

35 

6,700 

5-50 

30 

15,600 

5-51 

25 

31,400 

5-52 

20 

96,200 

5-53 

15 

399,000 

5-54 

10 

10,990,000(a) 

10 
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FIGURE  2.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  AT  TEMPERATURE 
FOR  7049-T735I  ALUMINUM  ALLOY  PLATE  (LONGITUDINAL) 
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FIGURE  4.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND 
TANGENT -MODULUS  CURVES  AT  TEMPERATURE 
FOR  7049-T7351  ALUMINUM  ALLOY  PLATE 
(LONGITUDINAL) 
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FIGURE  5.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND 
TANGENT-MODULUS  CURVES  AT  TEMPERATURE 
FOR  7049 -T7 351  ALUMINUM  ALLOY  PLATE 
(LONG  TRANSVERSE) 
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EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  7049-T7351  ALUMINUM  ALLOY  PLATE 


0 100  200  300  400  500 


Temperature,  F a-iso6 

FIGURE  7-  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 

PROPERTIES  OF  7049-T7351  ALUMINUM  ALLOY  PLATE 
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AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED  (Kfc 
7049-T7351  ALUMINUM  ALLOY  PLATE 
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FIGURE  10.  STRESS -RUPTURE  ANT)  PLASTIC  DEFORMATION  CURVES  FOR 
7049-T735 1 ALUMTVUM  ALLOY  PI  ATE  (LONG  TRANSVERSE) 


Inconel  617  Alloy  Sheet 


Material  Description 


Inconel  Alloy  617  is  a solid-solution,  mcke  1 -chromium-cobalt  - 
molybdenum  alloy  with  a good  combination  of  high-temperature  strength  and 
oxidation  resistance.  It  has  excellent  resistance  to  a wide  range  of  cor- 
rosive environments,  and  is  readily  formed  and  welded  by  conventional  tech- 
niques . 


The  high  nickel  and  chromium  contents  make  the  alloy  resistant  to  a 
variety  of  both  reducing  and  oxidizing  media.  The  aluminum,  in  conjunction 
with  the  chromium,  provides  oxidation  resistance  at  high  temperatures.  Solid- 
solution  strengthening  is  provided  by  the  cobalt  and  molybdenum. 

The  combination  of  high  strength  and  oxidation  resistance  at  elevated 
temperatures  makes  this  alloy  an  attractive  material  for  gas-turbine  aircraft 
engines  and  other  applications  involving  exposure  to  extreme  temperatures. 

The  material  used  for  this  evaluation  was  a 0.047-inc’n-thick  sheet 
from  Huntington  Alloys  Heat  XX00A7US  with  the  following  composition: 


Chemical 

Composition 

Percent 

Chromium 

22.0 

Cobalt 

12.5 

Molybdenum 

9.0 

Aluminum 

1.0 

Carbon 

0.07 

Nickel 

54 

Processing  and  Heat  Treating 


The  specimen  layout  for  this  alloy  is  shown  in  Figure  11.  Specirens 
were  tested  in  the  as-received  cold-rolled  and  annealed  condition. 


Test  Results 


Tension.  Test  results  for  both  longitudinal  and  transverse  specimens 
at  room  temperature,  800  F,  1200  F,  and  1600  F are  given  in  Table  IX.  Typical 
stress-strain  curves  at  temperature  are  shown  in  Figures  12  and  13.  Effeet-of- 
temperature  curves  are  presented  in  Figure  16. 


Compression . Results  of  tests  in  both  the  longitudinal  and  transverse 
directions  at  room  temperature,  800  F,  1200  F,  and  1600  F are  given  in  Table  X. 
Typical  stress-strain  and  tangent -modulus  curves  at  temperature  are  presented  in 
Figures  14  and  15.  Effect-of-tempcrature  curves  are  shown  in  Figure  17. 
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Shear . Test  results  for  sheet-shear  type  specimens  are  given  in  Table 
XI.  These  tests  were  conducted  at  room  temperature  only  on  both  longitudinal 
and  transverse  specimens. 

Fracture  Toughness.  The  specimens  tested  were  18  inches  wide  by  36 

inches  long  with  a center  saw-cut  flaw.  Net  section  stress  at  fracture  was 

greater  than  the  tensile  yield  strength  of  the  material,  therefore  the  tests 

were  not  valid  for  K determination. 

c 


Fatigue . Axial-load  test  results  for  transverse  specimens  at  room 
temperature,  800  F,  and  1200  F are  given  in  Tables  XII  and  XIII.  These  tests 
were  conducted  on  both  unnotched  and  notched  (Kt  = 3.0)  specimens  at  a load 
ratio  of  R = 0.1.  S-N  curves  are  presented  in  Figures  18  and  19. 

Creep  and  Stress -Rupture . Tests  were  conducted  at  800  F,  1200  F,  and 
1600  F on  transverse  specimens.  Tabular  test  results  are  given  in  Table  XIV. 
Log-stress  versus  log-time  curves  are  presented  in  Figure  20. 

Stress  Corrosion.  Tests  on  transverse  specimens  were  conducted  as 
described  in  the  experimental  procedure  section  of  this  report.  No  failures 
or  cracks  occurred  in  the  test  duration. 


Thermal  Fxpansion.  The  coefficient  of  thermal  expansion  for  this 
alloy  i:.  8.7  x 10*®  in./in./F  from  room  temperature  to  1600  F. 

Density.  The  density  of  this  material  is  0.302  lb/in.3. 
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TABLE  IX.  TENSILE  TEST  RESULTS  FOR  INCONEL  617  ANNEALED  SHEET 


Specimen 
Numbe  r 


Ultimate 

Tensile 

Strength, 

ksi 


0,2  Percent 
Offset  Yield 
Strength, 
ksi 


Elongation 
in  2 Inches, 
percent 


Tensile 
Modulus , 
1 Of*  ksi 


Longitudinal  at  Room  Temperature 


1L-1 

122.3 

56.4 

56.0 

28.4 

1L-2 

122.4 

56.9 

56.0 

24.3 

1L-3 

122.5 

56.5 

54.5 

28.4 

Average 

122.4 

56.6 

55.5 

27.0 

Transverse  at  Room 

Temperature 

IT-1 

122.9 

55.9 

56.0 

30.9 

IT-2 

124.4 

57.1 

54.5 

30.2 

IT-3 

123.5 

56.5 

58.0 

30.4 

Average 

123.6 

56.5 

56.2 

30.5 

Longitudinal 

at  800  F 

1L-4 

102.7 

40.8 

49.0 

21.8 

1L-5 

103.5 

42.0 

51.0 

29.6 

1L-6 

103.6 

40.3 

50.0 

19.4 

Average 

103.3 

41.0 

50.0 

23.6 

Transverse  at  800  F 


IT -4 

105.2 

44.1 

50.0 

24.4 

IT-5 

105.7 

43.9 

49.0 

25.6 

IT -6 

106.2 

42.3 

53.0 

24.4 

Average 

105.7 

43.4 

Longitudinal  at  1200  F 

50.7 

24.8 

1L-7 

83.4 

37.6 

48.0 

21.1 

1L-8 

82.6 

38.3 

49.0 

25,3 

1L-9 

85.8 

38.6 

33.0 

23.0 

Average 

83.9 

38.2 

Transverse  at  1200  F 

43.3 

23.1 

IT-7 

95.9 

39.1 

44.0 

28.3 

IT-8 

96.3 

39.4 

43.0 

29.1 

IT-9 

95.8 

39.3 

53.0 

32,0 

Average 

96.0 

39.3 

Longitudinal  at  1600  F 

46.7 

29.8 

1L-10 

25.1 

21.4 

50.0 

19.0 

1L-11 

24.3 

22.0 

39.0 

14.6 

1L-12 

24.5 

21.8 

49.0 

17.4 

Average 

24.6 

21.7 

46.0 

17.0 

Transverse  at  1600  F 


IT-10 

25.3 

24.3 

50.0 

13.3 

IT-11 

23.7 

21.6 

70.0 

20.0 

1T»  12 

25.5 

22.8 

4/.0 

16.4 

Average 

24.8 

22.9 

55.7 

16.6 
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TABLE  X.  COMPRESSION  TEST  RESULTS  FOR  INCONEL  617 
ANNEALED  SHEET 


0.2  Percent 

Compress  ion 

Specimen 

Offset  Yield 

Modulus , 

Number 

Strength,  ksi 

103  kai 

Longitudinal  at  Room  Temperature 


2L-1 

2I.-2 

2L-3 

62.4 

62.2 

61.0 

Average  61.9 

Transverse  at  Room  Temperature 

30.6 

29.7 
30.9 
30.4 

2T- 1 

60.5 

33.7 

2T-2 

62.2 

33.9 

2T-3 

61.8 

33.5 

Average  61.5 

33.7 

Longitudinal  at  800  F 

2L-4 

<a> 

25.7 

2L-5 

48.8 

29.0 

2L-6 

49.1 

29.1 

Average  48.9 

27.9 

Transverse  at  800  F 

2T-4 

51.2 

29.6 

2T-5 

47.5 

29.3 

2T-6 

50.9 

30.3 

Average  49.9 

29.7 

Longitudinal  at  1200  F 

2L-7 

41.1 

21.5 

2L-8 

40.9 

24.3 

2L-9 

40.9 

26.4 

Average  41.0 

24.1 

Transverse  at  1200  F 

2T-7 

39.6 

25.6 

2T-8 

44.1 

29.1 

2T~9 

41.2 

27.9 

Average  41.6 

27.5 

Longitudinal  at  1600  F 

2L-10 

30.2 

19.3 

2L-11 

31.8 

22.7 

2L-12 

30.8 

18.0 

Average  30.9 

20.0 

Transverse  at  1600  F 

2T-10 

32.3 

27.8 

2T-11 

31.7 

24.9 

2T-12 

30.7 

20.0 

Average  31.6 

24.2 

(a)  Machine  malfunction 
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TABLE  XI.  SHEAR  TEST  RF.SULTS  FOR  INCONEL  617 
ANNEALED  SHEET  AT  ROOM  TEMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Strength,  ksi 

Longitudinal 

4L-1 

(a) 

4L-2 

108.3 

4L-3 

104.7 

4L-4 

106.8 

Average 

106.6 

Transverse 

4T-1 

104.7 

4T-2 

107.5 

4T-3 

110.5 

4T-4 

107.1 

Average 

107.6 

(a)  Did  not  fail  in  shear. 
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TABLE  XIX.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 
UNNOTCHED  ANNEALED  INCONEL  617  SHEET 
(Transverse,  R«0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

Cycles 

Room  Temperature 

5-4 

105.0 

41,550 

5-3 

100.0 

45,210 

5-5 

95.0 

77,750 

5-6 

90.0 

136,200 

5-2 

85.0 

190,830 

5-7 

80.0 

587,560 

5-8 

75.0 

576,970 

5-13 

70.0 

2,635,900 

5-10 

70.0 

8,676,840 

5-9 

65.0 

14,444,620(a) 

800  F 

5-14 

95.0 

900 

5-15 

80.0 

11,500 

5-16 

75.0 

29,000 

5-17 

70.0 

55,300 

5-19 

65.0 

142,100 

5-11 

62.5 

2,122,600 

5-18 

60.0 

10,144,000(a) 

1200  F 

5-20 

80.0 

5,800 

5-22 

75.0 

18,400 

5-23 

72.5 

38,300 

5-21 

70.0 

2,501,100 

5-24 

65.0 

4,245,000 

5-25 

60.0 

10,244,900(a) 

(a)  Did  not  fail. 
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TABLE  XIII.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR  NOTCHED 
(^*3.0)  ANNEALED  INCONEL  617  SHEET 
(Transverse,  R-0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

Cycles 

Room  Temperature 

3-32 

70.0 

12,860 

5-33 

65.0 

35,790 

5-34 

60.0 

68,710 

5-35 

55.0 

124,500 

5-36 

50.0 

77,420 

5-37 

45.0 

76,750 

5-38 

40.0 

534,190 

5-39 

35.0 

3,536,900 

5-40 

30.0 

10,000, ooo(a) 

800  F 

5-56 

65.0 

1,100 

5-46 

60.0 

13,000 

5-41 

55.0 

39,900 

5-42 

50.0 

70,200 

5-43 

45.0 

69,300 

5-44 

40.0 

6,212,300 

5-45 

35.0 

13,022,100(a) 

1200  F 

5-47 

60.0 

3,000 

5-48 

55.0 

4,900 

5-49 

50.0 

8,200 

5-50 

45.0 

121,500 

5-51 

40.0 

1,539,800 

5-52 

35.0 

870,000 

5-53 

30.0 

ll,249,200(a) 

(a)  Did  not  fail 


Strain,  in./in. 


FIGURE  12.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  AT  TEMPERATURE 
FOR  ANNEALED  INCONEL  617  ALLOY  SHEET  (LONGITUDINAL) 


Stress,  ksi 


Longitudinal 


1800  F 


1200  F 


•800  F 


1200  F 


>1600  F 


0 0.002  0.004  0006  0.008  0.010  0.012 

Strain,  in./ir. 


Tangent  Modulus,  I06  psi 


A-IS40 


FIGURE  14.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT- 
MODULUS  CURVES  AT  TEMPERATURE  FOR  ANNEALED 
INCONEL  617  ALLOY  SHEET  (LONGITUDINAL) 
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FIGURE  15.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT- 
MODULUS  CURVES  AT  TEMPERATURE  FOR  ANNEALED 
INCONEL  617  ALLOY  SHEET  (TRANSVERSE) 
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Maximum  Stress,  ksi  Maximum  Stress,  ksi 


O RT  1 
'□  800  F" 
A 1200  F 


>1200  F 
>800  F 


Unnotched 

Transverse 

R=0.l 

Freq  =10  Hz 


Lifetime,  cycles 

FIGURE  18.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  UNNOTCHED 
ANNEALED  INCONEL  ALLOY  617  SHEET 


Notched 
Transverse 
R=O.I 
Kt=30 
Freq. =10  Hz 


800  F 


RT  I 
800  F 
1200  F 


1200  F' 


Lifetime,  cycles 

FIGURE  19.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED  (Kj.-O.O) 
ANNEALED  INCONEL  ALLOY  617  SHEET 
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7475-T7351  Aluminum  Alloy  Plate 


Material  Description 


Alloy  7475  was  developed  by  the  Alcoa  Laboratories  for  sheet  and  plate 
applications  that  require  high  strength  and  superior  fracture  toughness.  This 
product  was  previously  designated  "Alcoa  467  Process  X7475  Alloy".  The  467  Pro- 
cess is  a proprietary  process  developed  to  enhance  the  toughness  of  a high-purity 
7075  type  alloy.  It  is  still  used  in  the  production  of  7475  sheet  and  plate. 

Alloy  7475  is  available  as  bare  and  alclad  sheet  and  plate.  The  mate- 
rial used  in  this  evaluation  was  2-inch-thick  bare  plate  from  Alcoa  lot  number 
109-141  produced  within  the  following  composition  limits: 


Chemical 

Composition  Percent 


Silicon 

0. 10  max 

Iron 

0.12  max 

Copper 

1. 2-1.9 

Manganese 

0.06  max 

Magnesium 

1.9-2. 6 

Chromium 

0.18-0.25 

Zinc 

5. 2-6. 2 

Titanium 

0. 6 max 

Others 

0.15  total 

Aluminum 

Balance  . 

Processing  and  Heat  Treating 


The  specimen  layout  for  this  material  is  shown  in  Figure  21.  The  alloy 
was  evaluated  in  the  as-received  -T7351  temper. 


Test  Results 


Tension.  Tests  were  conducted  at  room  temperature,  250  F,  350  F,  and 
500  F on  both  longitudinal  and  transverse  specimens.  Test  results  are  given  in 
Table  XV.  Typical  stress -strain  curves  at  temperature  are  presented  in  Figures 
22  and  23.  Effect-of -temperature  curves  are  shown  in  Figure  26. 


Compression.  Tests  were  conducted  at  room  temperature,  250  F,  350  F, 
and  500  F.  Tabular  test  results  are  given  in  Table  XVI.  Typical  stress-strain 
and  tangent-modulus  curves  at  temperature  are  presented  in  Figures  24  and  25. 
Effect-of-temperature  curves  are  shown  in  Figure  27. 


Shear . Tests  were  conducted  at  room  temperature  only  on  pin-shear 
type  longitudinal  and  transverse  specimens.  Test  results  are  given  in  Table  XVI II. 
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Impact.  Charpy  V-notch  test  results  for  longitudinal  and  transverse 
specimens  are  given  in  Table  XVIII. 


Fracture  Toughness.  Results  of  s low-bend  type  tests  in  both  the 
longitudinal  (L-T)  and  transverse  (T-L)  directions  are  given  in  Table  XIX. 
Specimens  were  1.00-inch  thick  by  2.00-inch  wide  with  a span  of  8 inches. 

The  candidate  Kq  values  shown  in  Table  XIX  are  considered  invalid  KIc  values 
by  existing  ASTM  criteria. 


Fatigue.  Axial-load  test  results  for  transverse  specimens  at  a load 
ratio  of  R - 0.1  are  given  in  Tables  XX  and  XXI.  These  tests  were  conducted 
at  room  temperature,  250  F,  .and  350  F for  both  unnotched  and  notched  (Kt  * 3.0) 
specimens.  The  data  are  presented  as  S-N  curves  in  Figures  28  and  29. 


Creep  and  Stress -Rupture.  Test  results  for  transverse  specimens  at 
250  F,  350  F,  and  500  F are  given  in  Table  XXII.  Log-stress  versus  log-time 
curves  are  presented  in  Figure  30. 


Stress  Corrosion.  Transverse  specimens  were  tested  as  described  in 
the  experimental  procedures  section  of  this  report.  No  failures  or  cracks 
occurred  in  the  1000-hour  test  duration. 


Thermal  Expansion.  The  coefficient  of  thermal  expansion  for  this 
alloy  is  12.9  x 10"®  in./ln./F  from  70  F to  212  F. 

3 

Density.  The  density  of  this  material  is  0.101  lb/in.  . 
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TABLE  XV.  TENSILE  TEST  RESULTS  FOR  7475-T7351  ALLOY  PLATE 


Specimen 

Number 

Ultimate 

Tensile  Strength 
ksi 

0.2  Percent 
, Offset  Yield 

Strength,  ksi 

Elongation 
in  2 Inches, 
percent 

Reduction 
in  Area, 
percent 

Tensile 
Modulus, 
103  ksi 

Longitudinal  at  Room  Temperature 

1L-I 

71.8 

63.0 

18.5 

47.4 

10.7 

1L-2 

72.3 

62.9 

18.5 

48.4 

10.3 

1L-3 

72.2 

62,7 

18,0 

47.1 

9.7 

Average 

72.1 

62.9 

18.3 

47.8 

10.2 

Transverse  at  Room  Temperature 

IT-1 

73.2 

62.5 

14.0 

34.9 

9.7 

IT- 2 

73.5 

62.5 

16.0 

36.6 

9.8 

IT- 3 

73.0 

62.1 

15.5 

34,4 

10.0 

Average 

73.2 

62.4 

15.2 

35.3 

9.8 

Longitudinal  at 

250  F 

1L-4 

55.3 

55.3 

17.0 

60.2 

8.9 

1L-5 

56.0 

56.0 

17.0 

60.4 

9.1 

1L-6 

55.4 

55r  3 

18.0 

60.8 

9.1 

Average 

55.6 

55.5 

17.3 

60.5 

9.0 

Transverse  at  : 

250  F 

IT-4 

57.8 

55.8 

17.0 

52.4 

9.2 

IT- 5 

55.9 

54.9 

17.0 

53.0 

10.1 

IT- 6 

57.1 

55.8 

17.0 

54.3 

•9.4 

Average 

56.9 

55.5 

17.0 

53.2 

9.6 

Longitudinal  at 

350  F 

1L-7 

44.7 

44.4 

20.0 

70.0 

7.7 

1L-8 

44.7 

44.3 

25.0 

73.4 

7.8 

IL-9 

45.1 

45.1 

16.5 

71.5 

7.9 

Average 

44.7 

44.6 

20.5 

71.6 

7.8 

Transverse  at 

350  F 

IT- 7 

45.1 

44.7 

33.5 

72.1 

8.3 

IT- 8 

45.7 

45.5 

23.5 

67.0 

7.5 

IT-9 

45.1 

44.6 

27.5 

70.2 

7.6 

Average 

45.3 

44.9 

28.2 

69.8 

7.8 

Longitudinal  at 

500  F 

IL-10 

16.8 

16.5 

39.5 

91.9 

7.1 

1L-I1 

18.0 

17.8 

40.0 

91.8 

6.7 

1L-12 

22.3 

22.1 

27.0 

88.4 

7.5 

Average 

19.0 

18.8 

35.5 

70.7 

7.1 

Transverse  at  ! 

500  F 

IT- 10 

17.4 

17.2 

40.5 

92.2 

7.0 

IT- 1 1 

17.6 

17.3 

43.5 

92.5 

6.8 

IT- 12 

17,1 

17,0 

41.5 

92.8 

6_,6 

Average 

17.4 

17.2 

41.8 

92.5 

6.8 
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TABLE  XVI. 

COMPRESSION  TEST  RESULTS  FOR  7475-T7351 

ALLOY  PLATE 

Specimen 

Number 

0.2  Percent 
Offset  Yield 
Strength,  ksi 

Compressive 
Modulus, 
103  ksi 

Longitudinal  at  Room  Temperature 

2L-1 

60.1 

10.5 

2L-2 

61.8 

10.4 

2L-3 

61.1 

10.9 

Average  iSTTU 

WJ 

Transverse  at  Room  Temperature 

2T-1 

65.4 

10.6 

2T-2 

65.7 

10.4 

2T-3 

65.5 

10.4 

Average  65.3 

10.5 

Longitudinal  at  250  F 

2L-4 

54.4 

9.6 

2L-5 

55.2 

9.3 

2L-6 

55.0 

9.4 

Average  54.9 

9.4 

Transverse  at  250  F 

2T-4 

57.3 

10.0 

2T-5 

57.5 

9.9 

2T-6 

58,0 

9.7 

Average  57,6 

9.9 

Longitudinal  at  350  F 

2L-7 

46.2 

9.0 

2L-8 

46.2 

8.9 

2L-9 

46.8 

8.8 

Average  46.4 

8.9 

Transverse  at  350  F 

2T-7 

48.5 

9.4 

2T-8 

48.2 

9.9 

2T-9 

48.6 

9.6 

Average  4874 

9.6 

Longitudinal  at  500  F 

2L-10 

17.7 

8.2 

2L-11 

19.5 

7.7 

2L-12 

18.2 

7.6 

Average  18.5 

7.8 

Transverse  at  500  F 

2T-10 

17.8 

8.1 

2T-I1 

19.7 

7.8 

2T-12 

19.3 

7.1 

Average  18.9 

7.7 

TABLE  XVII.  PIN-SHEAR  TEST  RESULTS  FOR  7475-T7351 
ALLOY  PLATE  AT  ROOM  TEMPERATURE 


Specimen 

Number 

i 

Ultimate  Shear  * 

Strength,  ksi  | 

Longitudinal 

1 

4L-1 

45.0  | 

4L-2 

46.4  1 

4L-3 

44.8  l 

4L-4 

46.6  1 

Average 

Transverse 

45.7  ij 

1 

4T-1 

43.8  J 

4T-2 

46.3  * 

4T-3 

45.9  I 

! 4T-4 

43.8  J 

Average 

45.0  1 

TABLE  XVIII.  IMPACT  TEST  RESULTS  FOR  7475-T7351 
ALLOY  PLATE  AT  ROOM  TEMPERATURE 


Specimen 

Number 


Energy, 

ft/lb 


Average 


Transverse 


Average 
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TABLE  XIX.  RESULTS  OF  SLOW-BEND  TYPE  FRACTURE  TOUGHNESS 
TESTS  FOR  7475-T7351  ALLOY  PLATE 


Specimen 

Number 

w, 

inches 

», 

inches 

a, 

inches 

Span, 

inches 

f<-> 

w 

K 

kq 

R <b> 

SO 

Longitudinal 

(L-T) 

6L-1 

2.00 

1.00 

1.182 

8.0 

7,000 

8,000 

3.655 

72.4 

2.29 

6L-2 

2.00 

1.00 

1.061 

8.0 

7,200 

8,200 

2.947 

60.0 

1.78 

6L-3 

2.00 

1.00 

1.064 

8.0 

6,900 

7,720 

2.962 

57.8 

1.67 

6L-4 

2.00 

1.00 

0.981 

8.0 

7,600 

9,000 

2.585 

55.5 

1.66 

6L-5 

2.00 

1.00 

1.069 

8.0 

6,800 

7,950 

2.987 

57.5 

1.76 

6L-6 

2.00 

1.00 

1.057 

8.0 

6,700 

7,710 

2.927 

55.4 

1.66 

Transverse  (T-L) 

6T-1 

2.00 

1.00 

1.068 

8.0 

6,100 

6,720 

2.982 

51.4 

1.49 

6T-2 

2.00 

1.00 

1.043 

8.0  . 

6,300 

6,550 

2.859 

50.9 

1.38 

6T-3 

2.00 

1.00 

1.134 

8.0 

6,550 

6,820 

3.347 

62.0 

1.75 

6T-4 

2.00 

1.00 

1.022 

8.0 

6,550 

6,700 

2.761 

51.2 

1.35 

6T-5 

2.00 

1.00 

1.078 

8.0 

6,350 

6,550 

3.033 

54.5 

1.48 

6T-6 

2.00 

1.00 

1.182 

8.0 

6,000 

6,450 

3.655 

62.0 

1.85 

(a)  Candidate  values  are  invalid  as  K^c  values  since  they  do  not  meet  the 
standard  of  a,  T,  <2.5  C^)3 

(b)  R ^ is  a function  of  the  maximum  load  that  the  specimen  can  sustain,  its 

dimensions,  and  the  yield  strength  of  the  material.  As  explained  in  ASTM  E399- 

72,  it  is  a useful  comparative  measure  of  toughness  of  materials  where  size  may 

be  less  than  sufficient  for  valid  KT  determination. 

Ic 
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TABLE  XX.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 
UNNOTCHED  7475-T7351  ALLOY  PLATE 


Specimen 

Number 

Maximum 
Stress*  ksi 

Lifetime* 

cycles 

Room  Temperature 

5-2 

60.0 

11,600 

5-21 

57.5 

101,600 

5-19 

55.0 

64,200 

5-22 

52.5 

967,700 

5-23 

52.5 

5,587,000 

5-1 

50.0 

1,136,000 

5-20 

45.0 

10,000,000(a) 

250  F 

5-16 

65.0 

<b) 

5-4 

60.0 

13,400 

5-6 

55.0 

75,000 

5-3 

50.0 

95,000 

5-7 

45.0 

1,319,300 

5-5 

40.0 

824,700 

5-18 

35.0 

10,000,000(ll) 

350  F 

5-10 

55.0 

(b) 

5-9 

50.0 

24,200 

5-11 

45.0 

115,800 

5-12 

40.0 

464,300 

5-13 

35.0 

949,200 

5-14 

30.0 

2,062,800 

5-15 

25.0 

9,979,100 

(a)  Did  not  fail. 

(b)  Failed  on  loading. 
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TABLE  XXI.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR  NOTCHED 
(K  -3.0)  7475-T7351  ALLOY  PLATE 

t 


Specimen 

Number 

Maximum 
Strega,  ksl 

Lifetime, 

cycles 

5-48 

Room  Temperature 
35 

11,000 

5-49 

30 

37,500 

5-50 

25 

94,140 

5-51 

20 

171,040 

5-54 

15 

518,400 

5-53 

12.5 

12,786,000(a) 

5-52 

10 

10,19l,000(a) 

5-31 

250  F 
45 

3,900 

5-32 

40 

8,400 

5-36 

35 

9,000 

5-33 

30 

23,900 

5-37 

25 

41,600 

5-34 

20 

165,900 

5-38 

15 

381,400 

5-35 

10 

10,000,000(a) 

5-39 

350  F 
45 

2,000 

5-40 

40 

3,200 

5-41 

35 

9,300 

5-42 

30 

23,200 

5-43 

25 

13,400 

5-45 

25 

33,100 

5-44 

20 

157,800 

5-46 

15 

394,800 

5-47 

10 

10,000,000(a) 

(a)  Did  not  fail 


TABLE  XXII.  SUMMARY  DATA  ON  CREEP  AND  RUPTURE  PROPERTIES 
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FIGURE  22.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  AT  TEMPERATURE 
FOR  7475-T7351  ALUMINUM  ALLOY  PLATE  (LONGITUDINAL) 


Stress,  ksi 


Stress,  ksi 


0 2 4 6 8 K> 


Tangent  Modulus,  X)9  ksi  a 


FIGURE  24.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT 
MODULUS  CURVES  AT  TEMPERATURE  FOR  7475-T7351 
ALUMINUM  ALLOY  PLATE  (LONGITUDINAL) 


Stress,  ksi 


0 100  200  300  400  500 

Temperature,  F 

FIGURE  26.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  7475-T735I  ALLOY  PLATE 


49 


Modulus,  Ec,  Kr  ksi  Modulus, 


Maximum 


Unnotched 

Transverse 

R«O.I 

Freq.*25  Hz 
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FIGJRE  28.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  UNNOTCHED 
7475 -T7 351  ALLOY  PLATE 


jPSHngjBBlUH 


Lifetime,  cycles 

FIGURE  29.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED 
(K,.  ■=  3.0)  7475-T7351  ALLOY  PLATE 
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2419-T851  Aluminum  Plate 


Material  Description 


Alloy  2419  la  a recent  development  of  the  Aluminum  Company  of  America. 

It  la  essentially  a 2219  alloy  with  more  closely  controlled  composition.  Mechani- 
cal properties  are  the  same  as  2219  with  Improved  fracture  toughness.  The  alloy 
Is  readily  weldable  and  la  useful  for  applications  at  a wide  range  of  temperature!! 
from  -452  F to  about  600  F. 

Composition  limits  for  2419  are  as  shown: 


Chamical 

Composition  Percent 


Silicon 

0.15  max 

Iron 

0.18  max 

Copper 

5. 8-6. 8 

Manganese 

0.20-0.40 

Magnesium 

0.02  max 

Zinc 

0.10  max 

Titanium 

0.02-0.10 

Others 

each  0.05, 
total  0.15 

Aluminum 

Balance 

The  material  uaed  for  this  evaluation  was  a 2-inch-thick  plate  from 
Alcoa  lot  number  270-841. 


E£ggWl«»..«rt  flgat  Tryftmgnt 

The  specimen  layout  for  2419  shown  In  Figure  31.  The  alloy  was  evaluated 
in  the  as-received  -T851  temper. 

Test  Results 


Tension.  Tests  were  conducted  at  room  temperature,  250  F,  350  F,  and 
500  F on  both  longitudinal  and  transverse  specimens.  Test  results  are  given  in 
Table  XXIII.  Typical  stress -strain  curves  at  temperature  are  presented  in  Figures 
32  and  33.  Effect-of -temperature  curves  are  shown  in  Figure  36. 


Compression.  Tests  were  conducted  at  room  temperature,  250  F,  350  F, 
and  500  F.  Tabular  test  results  are  given  in  Table  XXIV.  Typical  stress-strain 
and  tangent -modulus  curves  at  temperature  are  presented  in  Figures  34  and  35. 
Effect-of-temperature  curves  are  shown  in  Figure  37. 

Shear.  Tests  were  conducted  at  room  temperature  only  on  pin-shear  type 
longitudinal  and  transverse  specimens.  Test  results  are  given  in  Table  XXV. 
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Impact.  Charpy  V-notch  test  results  for  longitudinal  and  transverse 
specimens  are  given  in  Table  XXVI. 


Fracture  Toughness.  Results  of  s low-bend  type  tests  in  both  the  longi- 
tudinal (L-T)  and  transverse  (T-L)  directions  are  given  in  Table  XXVII.  Specimens 
were  1.00-inch  thick  by  2.00-inch  wide  with  a span  of  8 Inches.  The  candidate  Kq 
values  shown  in  Table  XXVII  are  considered  valid  Kj  values  by  existing  ASTM 
criteria. 


Fatigue.  Axial-load  test  results  for  transverse  specimens  at  a load 
ratio  of  R - 0.1  are  given  in  Tables  XXVIII  and  XXIX.  These  tests  were  conducted 
at  room  temperature,  250  F,  and  350  F for  both  unnotched  and  notched  (Kt  - 3.0) 
specimens.  The  data  are  presented  as  S-N  curves  in  Figures  38  and  39. 


Creep  and  Stress -Rupture.  Test  results  for  transverse  specimens  at 
250  F,  350  F,  and  500  F are  given  in  Table  XXX.  Log-stress  versus  log-time 
curves  are  presented  in  Figure  40. 


Stress  Corrosion.  Transverse  specimens  were  tested  as  described  in  the 
experimental  procedures  section  of  this  report.  No  failures  or  cracks  occurred 
in  the  1000-hour  test  duration. 


Thermal  Expansion.  The  coefficient  of  thermal  expansion  for  this  alloy 
is  12.4  x 10-*  in./in./F  from  70  F to  212  F. 

Density.  The  density  of  this  material  is  0.102  lb/ln.3. 
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TABLE  XXIII.  TENSILE  TEST  RESULTS  FOR  2419-T851 
ALUMINUM  ALLOY  PLATE 


i 

* 


i 

t 

i 


{ 


Specimen 

Number 

Ultimate 

Tensile 

Strength, 

kai 

0.2  Percent 
Offset  Yield 
Strength, 
ksl 

Elongation 
in  2 Inches, 
percent 

Reduction 
in  Area, 
percent 

Tensile 
Modulus, 
10*  kai 

Longitudinal  at  Room  Temperature 

1L-1 

66.6 

52.2 

11.0 

24.0 

10.0 

1L-2 

66.5 

52.5 

11.0 

23.0 

10.6 

1L-3 

Mii 

Ihl 

11A 

llxl 

12x1 

Average  66.7 

52.4 

11.0 

23.6 

10.4 

Tranaverae  at Room  Temperature 

IT-1 

66.5 

51.4 

10.0 

14.6 

11.5 

IT-2 

66.5 

51.3 

11.0 

19.3 

10.6 

IT-3 

&A 

22x2 

112 

20.4 

12x1 

Average  66.4 

51.2 

10.7 

18.1 

10.8 

Longitudinal  at  250  F 

1L-4 

55.2 

46.9 

13.0 

36.5 

10.9 

1L-5 

55.7 

46.7 

14.0 

36.1 

9.7 

1L-6 

55,2 

46.8 

AM 

4LA 

11.0 

Average  55.4 

46.8 

15.0 

37.9 

10.5 

Transverse 

IT-4 

55.4 

45.6 

13.0 

34.5 

9.6 

IT-5 

54.8 

45.9 

13.5 

34.1 

9.6 

IT-6 

13.0 

lid. 

9.4 

Average  54.9 

UR 

• 

13.2 

33.9 

9.5 

Longitudinal  at  350  F 

1L-7 

45.6 

41.4 

14.5 

49.7 

9.3 

1L-8 

45.8 

41.5 

14.5 

46.0 

8.9 

1L-9 

AA 

AM 

49.6 

1A 

Average  45.5 

41.4 

14.5 

48.4 

9.1 

Transverss 

i at  350  F 

IT-7 

44.5 

40.0 

16.0 

46.4 

9.8 

IT-8 

44.6 

39.7 

13.5 

45.6 

9.8 

IT-9 

HA 

aiii 

15.0 

Mil 

8.8 

Average  44.5 

39.7 

14.8 

46.2 

9.5 

Longitudinal  at  500  F 

1L-10 

23.0 

21.4 

12.0 

60.4 

8.5 

1L-11 

20.6 

20.0 

12.0 

45.3 

6.1 

1L-12 

23,0 

21.3 

AM 

2M 

hi 

Average  22.2 

20.9 

12.0 

53.2 

7.4 

Transverse  at  500  F 

IT-10 

22.4 

20.7 

17.0 

47.8 

9.3 

IT-11 

23.4 

22.1 

19.0 

54.1 

9.3 

IT-12 

23.5 

22.2 

AM 

53.0 

8.8 

Average  23.1 

21.7 

18.0 

51.6 

9.1 
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TABLE  XXIV. COMPRESS ION  TEST  RESULTS  FOR  2419-T851 
ALUMINUM  ALLOY  PLATE 


Specimen 

Number 

0.2  Percent 
Offset  Yield 
Strength,  ksi 

Compressive 
Modulus, 
103  ksi 

2L-1 

Lone! cudinal  et  Room  Temperature 
53.5 

10.5 

2L-2 

53.0 

11.2 

2L-3 

53.3 

10.8 

Average  53.3 

10.8 

2T-1 

Transverse  at  Room  Temperature 
51.7 

10.9 

2T-2 

51.7 

10.4 

2T-3 

51.6 

10.8 

Average  51.7 

10.7 

2L-4 

Longitudinal  at  250  F 
48.2 

10.3 

2L-5 

47.4 

10.8 

2L-6 

47.7 

10.4 

Average  47 . 8 

10.5 

2T-4 

Transverse  at  250  F 
47.0 

10.2 

2T-5 

46.9 

10.2 

2T-6 

46.8 

10.8 

Average  46.9 

10.4 

2L-7 

Longitudinal  at  350  F 
41.8 

10.0 

2L-8 

42.2 

9.9 

2L-9 

42.7 

10.0 

Average  42.2 

10.0 

2T-7 

Transverse  at  350  F 
41. 6 

9.5 

2T-8 

42.0 

9.9 

2T-9 

41.5 

10.1 

Average  41.7 

9.8 

2L-10 

Longitudinal  at  500  F 
25.3 

8.8 

2L-11 

25.4 

9.5 

2L-12 

25,8 

9,5 

Average  25.5 

9.3 

2T-10 

Transverse  at.  500  F 
25.4 

8.9 

2T-11 

25.7 

9.0 

2T-12 

25.3 

9.2 

Average  25.5 

9.0 

56 
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TABLE  XXV.  PIN  SHEAR  TEST  RESULTS  FOR  2419-T851 


ALUMINUM  ALLOY  PLATE 

AT  ROOM  TEMPERATURE 

Specimen 

Ultimate  Shear 

Number 

Strength,  ksl 

Longitudinal 

4L-1 

38.5 

4L-2 

40.5 

4L-3 

38.9 

4L-4 

39.8 

Average  39.4 

Transverse 

4T-1 

39.3 

4T-2 

38.9 

4T-3 

39.6 

4T-4 

40,1 

Average  39.5 


TABLE  XXVI.  IMPACT  TEST  RESULTS  FOR 

2419-T851 

ALUMINUM  ALLOY  PLATE  AT 

ROOM  TEMPERATURE 

Specimen 

Energy, 

Number 

ft/lb 

Longitudinal 

1QL-1 

6.0 

10L-2 

6.0 

10L-3 

5.0 

10L-4 

6.0 

10L-5 

5.0 

10L-5 

5.0 

Average 

5.5 

Transverse 

10T-1 

4.0 

10T-2 

5.0 

10T-3 

4.0 

10T-4 

4.0 

10T-5 

5.0 

10T-6 

4.0 

Average 

4.3 

TABU  XXVII.  RESULTS  OF  S LOW-BEND  TYPE  FRACTURE  TOUGHNESS  TESTS 
FOR  2419-T831  ALLOY  PUTS  AT  ROOM  TEMPERATURE 


Spaciman 

Numbar 

w, 

inchaa 

Inchaa 

B, 

inchaa 

ft 

Span, 

Inchaa 

«S> 

v (a) 

Longitudinal  <L-T) 

6L-1 

2.00 

0.932 

1.00 

3.000 

8.0 

2.396 

33.89 

6L-2 

2.00 

0.998 

1.00 

4,900 

8.0 

2.656 

36.80 

6L-3 

2.00 

0.988 

1.00 

4,730 

8.0 

2.614 

35.12 

6L-4 

2.00 

0.968 

1.00 

3,030 

8.0 

2.533 

36.18 

6L-5 

2.00 

0.962 

1.00 

4,800 

8.0 

2.509 

34.06 

6L-6 

2.00 

1.016 

1.00 

4,600 

8.0 

2.734 

Avaraga 

33.30 

iMMYirtt- 

(T-L> 

6T-1 

2.00 

0.972 

1.00 

4,200 

8.0 

2.549 

30.20 

6T-2 

2.00 

0.944 

1.00 

4,400 

8.0 

2.440 

30.37 

6T-3 

2.00 

0.988 

1.00 

4,200 

8.0 

2.614 

31.05 

6T-4 

2.00 

0.994 

1.00 

4,000 

8.0 

2.639 

29.86 

6T-5 

2.00 

0.961 

1.00 

4,450 

8.0 

2.503 

31.53 

6T-6 

2.00 

0.974 

1.00 

3,900 

8.0 

2.556 

28.20 

Avaraga 

30.20 

(a)  Thaaa  candidate  Kq  valuaa  art  conaidarad  valid  Kie  valuaa  by  axlacing  ASTM 
a tandarda • 
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TABLE  XXVIII.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 


UNNOTCHED  2419-T851  ALLOY  PUTE 
(TRANSVERSE,  R - 0.1) 


Specimen  Maximum  Lifetime, 

Number  Street,  kai  eye lta 


Room  Temperature 


5-1 

60 

12,200 

5-6 

55 

14,100 

5-8 

52.5 

24,500 

5-2 

50 

33,400 

5-4 

45 

29,700 

5-9 

45 

121,100 

5-3 

40 

207,500 

5-7 

35 

14,l28,800(a) 

5-5 

30 

250  F 

io,ooo,ooo(a) 

5-12 

60 

6,700 

5-13 

55 

17,200 

5-11 

50 

36,200 

5-14 

45 

97,500 

5-10 

40 

326,200 

5-15 

37.5 

749,700 

5-16 

35 

3,536,800 

5-17 

32.5 

2,461,400 

5-18 

32.5 

2,453,800 

5-19 

30 

350  F 

6,881,000 

5-55 

50 

100 

5-57 

50 

150 

5-56 

40 

120,200 

5-58 

35 

186,200 

5-59 

30 

2,365,400 

5-60 

27.5 

5,921,900 

5-61 

25 

10,000,000(a) 

(a)  Did  not  fail. 
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TABLE  XXIX.  AXIAL  LOAD  FATIGUE  TEST  RESULTS 
FOR  NOTCHED  <Kt  - 3.0)  2419-T851 
ALLOY  PLATE  (TRANSVERSE,  R - 0.1) 


Specimen 

Number 

Maximum 
Streaa,  kai 

Lifetime, 

cycles 

Room  Temperature 

5-3L 

45 

3,600 

5-32 

40 

8,600 

5-33 

35 

9,200 

5-34 

30 

25,200 

5-35 

25 

25,400 

5-36 

20 

66,300 

5-37 

15 

279,100 

5-38 

10 

10,370,500^ 

250  F 

5-40 

40 

5,600 

5-42 

35 

10,100 

5-39 

30 

15,800 

5-43 

25 

25,300 

5-41 

20 

63,700 

5-44 

15 

383,400 

5-45 

12.5 

914,100 

5-46 

10 

10, 102, 000 ( 

350  F 

5-4/ 

35 

10,500 

5-48 

30 

24,200 

5-49 

25 

23,000 

5-50 

20 

69,400 

5-51 

15 

462,900 

5-52 

15 

483,700 

5-54 

12.5 

2,918,200 

5-53 

10 

10,885,000 

(a)  Did  not  fail . 


Stress,  ksi 


Longitudinal 


0.002  0004  0.006  0.008  0.010  0.012 

Strain,  in./in. 


2 4 6 8 10  12 

Tangent  Modulus,  I03  ksi 

FIGURE  34.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT- 
MODULUS  CURVES  AT  TEMPERATURE  FOR  2419-T851 
ALUMINUM  ALLOY  PLATE  (LONGITUDINAL) 


Compressive 


I 

i 


Temperature,  F 

mnmv  ^ . effect  of  temperature  on  wt  tensile 

PKOFFRTTFS  OF  241<M‘8‘>1  ALLOY  PT.ATE 


Temperature,  F 


FIGURE  37.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 
PROPERTIES  OF  24L9-T851  ALLOY  PLATE 


Rupture 
1.0%  creep 
0.5%  creep 
0.2%  creep 


FIGURE  40.  STRESS  RUPTURE  AND  PLASTIC  DEFORMATION  CURVES  FOR  2419- 
T7351  ALUMINUM  ALLOY  (TRANSVERSE) 


Tl-6Al-2Zr-2Sn-2Mo-2Cr  Alloy 


Material  Description 


This  alpha-beta  alloy,  designed  for  deep  hardenabllity,  is  a recent 
development  of  RM1  Company.  Preliminary  information  shows  the  material  also  to 
have  low  density,  high  modulus,  high  toughness,  and  good  producibility.  Strength 
retention  to  800  F is  good. 

The  material  used  for  this  evaluation  was  a 4-inch  x 6-inch  forged 
billet  from  RM1  ingot  number  890180  which  had  the  following  composition: 


Element 

Percent 

A1 

5.8 

Sn 

2.1 

Zr 

1.8 

Mo 

2.0 

Cr 

1.9 

Si 

0.21 

Fe 

0.06 

C 

0.02 

V 

0.02 

oa 

0.11 

N 

0.01 

Ti 

Balance. 

information  on 

this  alloy  is 

Contract  F33615 

-72-C-1152. 

Processing  and  Heat  Treating 


The  billet  was  heat-treated  to  the  duplex-annealed  condition  by  RMI 
Company  using  the  following  procedure:  1745  F,  1 hour,  air  cool  to  1560  F and 

water  quench;  plus  1000  F for  8 hours  and  air  cool.  Specimens  received  no 
further  heat  treatment  before  testing.  The  specimen  layout  is  shown  in  Figure 
41. 


Test  Results 


Tension.  Results  of  tests  in  both  the  longitudinal  and  long  trans- 
verse directions  at  room  temperature,  400  F,  600  F,  and  800  F are  given  in  Table 
XXXI.  Typical  stress-strain  curves  at  temperature  are  shown  in  Figures  42  and 
43.  Effect-of-temperature  curves  are  shown  in  Figure  46. 


Compression.  Results  of  tests  in  both  the  longitudinal  and  long  trans- 
verse directions  at  room  temperature,  400  F,  600  F,  and  800  F are  given  in  Table 
XXXII.  Typical  stress-strain  and  tangent-modulus  curves  are  shown  in  Figures  44 
and  45.  Effect-of-temperature  curves  are  presented  in  Figure  47. 


69 


JttliE'  Pin  shear  teat  results  for  both  ths  longitudinal  and  long  trana- 
vs css  d tractions  at  room  tempers turs  ata  given  in  Tab Is  XXXIII. 


Kasults  of  Charpy  V-notch  tests  at  room  temperature  in  both 
ths  longitudinal  and  long  transvarso  directions  are  givan  in  Tabls  XXXIV. 


Frac' turs  Toushnsss . Results  of  slov-bend  typo  testa  in  both  the  longi- 
tudinal ( l-T)  and  long  transverse  (T-L)  directions  are  given  in  Table  XXXV.  Even 
though  the  candidate  Kq  values  do  not  neat  the  rigorous  a,  T,  < 2.S  (Kq/TVS)8 
criteria  they  are  above  2.2  (Kq/TYS)#  end  should  be  considered  good  indicative 
Klc  values. 

Fstlsus.  Axial  load  fatigue  tests  were  conducted  at  roost  temperature, 
400  F,  and  600  F for  unnotchad  and  notched  long  transverse  specimsns  at  a stress 
ratio  Of  t • 0.1»  Mesults  are  given  in  Tables  XXXVI  end  XXXVII.  S-N  curves 
are  presented  in  figures  48  and  49. 

” 1:  Creep  » d stress  Run  turs.  Tests  were  conducted  on  long  transverse 
speclniahs  at  400  F,  600  F,  and  600  F.  Tabular  test  results  are  given  in  Table 
XXXVlII.  Log-stress  versus  log-time  curves  ere  presented  In  Figure  50. 


8trtll.  Mr,Ml.lgl>«  Specietens  were  tested  as  described  in  the  experi- 
mental procedures  section  of  this  report.  No  fractures  or  cracks  occurred  in 
the  1000-hour  test  duration. 

The reel  Expansion.  The  thermal  expansion  coefficient  for  this  alloy 
Is  5.1  x 10^  in./in. 7f  for  70  to  800  F. 


Density.  The  density  value  is  0.162  lb. /in.3. 


tail  »(X1.  tensile  test,  results  for  duplex  annealed 

Ti-6Al-2Sn-22r-2No-2Cr  FORCED  BILLET 


Ultimate 
Specimen  Tana lie 

Number  Strength,  tut 

0.2  ftyreent 
Offset  Yield 
Strength,  ksi 

Elongation 
in  2 Inches, 
parcant 

Reduction 
in  Area, 
percent 

Tensile 
Modulus, 
lOf*  kai 

*£JagM»agti am. 

1L-1 

132.8 

: 141.4 

17.5 

38.9 

15.2 

1L-2 

166.8 

149.3 

13.0 

32.0 

15.8 

1L-3 

15iJ 

14Q.8 

15.5 

1L3 

lid 

Average 

138.4 

143.9 

15.3 

36.0 

15.6 

teaUyiaty«»t  it  ton  I— wrmrt 

IT-1 

164.2 

149.0 

14.0 

36.4 

15.9 

IT-2 

163.8 

148.6 

14.5 

37.7 

15,9 

IT-3 

170.0 

Dlxl 

llxl 

lid 

15.5 

Average 

166.0 

150.4 

13.7 

36.7 

15.8 

Loqgit^iait  U 4fl)  F 

1L-4 

135.9 

111.4 

15.0 

45.1 

13.7 

1L-5 

131.8 

107.9 

18.0 

51.8 

15.9 

1L-6 

141*1 

JLUuI 

lixJB 

45^2 

14,6 

Average 

136.3 

111.0 

16.3 

47.2 

14.7 

wm  .KittiYirit  it  wa  r 

IT-4 

133.7 

110.7 

16.0 

45.2 

13.7 

IT -5 

151.5 

120.7 

12.0 

54.1 

14.0 

IT-6 

121x1 

120.7 

lkx3 

hlx3 

idd 

Average 

145.5 

117. 4 

14.0 

48.1 

13.9 

Longitudinal  at  600  F 

1L-7 

132.2 

101.5 

17.0 

40.0 

14.4 

1L*8 

138.4 

101.5 

16.0 

34.9 

14.5 

1L-9 

1*1  J 

11x3 

llxl 

14.6 

Average 

137.3 

102.5 

15.3 

36.0 

14.5 

JtimMu.  it  ftft?  F 

IT-7 

131.1 

99.3 

15.0 

43.8 

15.2 

IT-8 

131.9 

100.5 

17.0 

44.8 

14.6 

IT-9 

Did 

100.6 

16.0 

32.3 

14.7 

Average 

132.1 

100.6 

16.0 

40.3 

14.8 

Longitudinal  it  800  F 

1L-10 

132.3 

96.9 

18.0 

50.3 

13.6 

1L-11 

142.1 

103.4 

16.5 

52.0 

14.4 

1L-12 

144.9 

131x1 

11x3 

39.3 

12.3 

Average 

139.8 

102.0 

16.5 

47.2 

13.4 

Lone  Tranaverae  at  800  F 

IT-10 

1 JO.  1 

96.7 

18.0 

47.6 

13.4 

IT-11 

136.7 

103.6 

19.0 

51.2 

13.4 

IT-12 

131.8 

96.2 

18.0 

45.5 

13.5 

\ 
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TABLE  XXXII.  COMPRESSION  TEST  RESULTS  FOR  DUPLEX  ANNEALED 
Ti-6Al-2Sn-2Zr-2Mo-2Cr  FORCED  BILLET 


0.2  Percent  Compression 

Spec  lawn  Offset  Yield  Modulus, 

Number  Strength,  ksi  10:s  ksi 


Longitudinal  et  Room  Temperature 


2L-1 

148.6 

16.4 

2L-2 

151.5 

16.2 

2L-3 

148,2 

15.6 

Average 

149.4 

16.1 

Lone 

Transverse  at  Room  Temperature 

2T-1 

155.7 

16.5 

2T-2 

157.7 

16.3 

2T-3 

l>p.5 

Average 

154,6 

16.1 

Longitudinal  at  400  f 

2L-4 

119.2 

15.0 

2L-5 

119.0 

14.3 

2L-6 

110.3 

14.8 

Average 

116.2 

14.7 

Long  Transverse  at  4Q0  F 

2T-4 

129.1 

15.2 

2T-5 

121.3 

15.5 

2T-6 

ilia 

llxZ 

Average 

122.2 

15.3 

Longitudinal  at  600  F 

2L-7 

108.4 

14.4 

2L-8 

108.2 

14.0 

2L-9 

192.7 

14.0 

Average 

106.4 

14.3 

Lons  Transverse  at  600  F 

2T-7 

111.9 

14.8 

2T-8 

104.6 

15.1 

2T-9 

105.9 

14.4 

Average 

107.5 

14.8 

Longitudinal  at  800  F 

21.-10 

94.9 

13.2 

2L-11 

101. 0 

13.6 

2 L - 1 2 

97.7 

12.8 

Average 

97.9 

13.2 

Long  Transverse  at  BOO  F 


2T-10  100. b 11. to 

21-11  103.1  , 13. b 

2 f - 1 2 102.5  12.9 

102.1  13.4 


Aver  am* 


!BW?W 


TABLE  XXXU1.  PIN  SHEAR  TEST  RESULTS  FOR  DUPLEX  ANNEALED  Ti-bAl -2Si»-2Zr -2Mu-..'i  i 
FURLED  BILLET  AT  ROOM  TEMPERATURE 


Spec  loan 
Number 

Ultimate  Shear 
Strength,  lu i 

Longitudinal 

4L-1 

104 . 8 

4L-2 

ino.:* 

4L-3 

l«W.4 

4L-4 

Louu  'l  ranave  rsre 

49.7 

Average  102.8 

4T-1 

Km.l 

4T-2 

104.1 

4T-3 

10/. 4 

4T-4 

I04_j8 

Ave  rage  105,1 
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TABLE  XXXI V.  IMPACT 
FORGED 

TEST  RESULTS  FOR  DUPLEX  ANNEALED  Ti-6Al-2Sn -2Zr-2Mo-2Cr 
BILLET  AT  ROOM  TEMPERATURE 

Specimen 

Number 

Energy, 
foot -pound 

Lonultudiim  1 


10L-1 

10L-2 

10L-3 

10L-4 

10L-5 


Iona 

10T-1 
10T-2 
10T-3 
l (IT -4 
10T-5 
lOT-fi 


11.5 
15.0 
15.0 

18.5 

14.5 

Average  la.V 

1 ranaver se 

1 ti.  ,i 

1 5 > 
8 u 
i ' .0 

!t.  ■' 

I ■ ■' 

!■< 


V.  i i a,.r 


te'  i 

k l 

i '•  * I 


$ 
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•jiVHl.K  XXXV.  KF.SU,  ,TS  OF  SLOU-WNU  TYPE  FRACTURE  TOUCHNKSS  l’LSTS 
FOR  DUPLEX -ANNEALED  T t .6AUL’8n-2Zr-?Mt».2rr 
FORCE!'  HILLET 


Specimen  W,  *,  T,  P,  Span,  {(%)  * (•' 

Nuabct  inchoa  Inchon  inches  lbs.  Inches  ■ V 


Longitudinal  (L- r ) 


6L-1 

1.500 

0.746 

0.750 

7,600 

6.0 

2.64 

87.4 

6L-? 

1.500 

0.783 

0. 7*0 

7,700 

6.0 

2.86 

89.8 

6L-3 

1.500 

0.723 

0.750 

7,950 

6.0 

2.5? 

87.1 

6L-4 

1.5O0 

0.763 

0.750 

7,350 

6,0 

?.v> 

87.7 

M>WL. 

IJra  ns  ve  rj»y 

LT-.1J 

6T-1 

1.500 

0.770 

0.750 

7,650 

6.0 

2,78 

92.7 

61  ^ 

1 .son 

0.  7-7 

0.  75f> 

7,550 

6.0 

2.8? 

92.8 

6T-3 

1.5O0 

0.770 

0.750 

R , 0 ’ 5 

6.0 

2.  ’R 

91  7 

— — 

- - 

- r. 

- — T' 

'a>  Candidate  K values  are  1 -i vn  1 j *!  ns  K.  value#  since  thcv  du  not  v'ct  I he 

y K<JC  kn 

rliy'roUS  standard  >'f  a,  T.  ’*.*>  Uowe  '■■r , 'hoy  ! - exceed  i 7.2 

,ttvl  hs  Hucti  slr.'ul'i  bh*  ct’i's i nuit  • it'./* 1 1 v v»n«l. 


£ 
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TABLE  XXXVI. 

AXIAL  LOAD  FATIGUE  TEST 
DUPLEX -ANNEALED  T1-6A1- 
BILLET  (LONG  TRANSVERSE 

RESULTS  FOR  UNNOTCHED 
2Sn-2Zr-2Mo-2Cr  FORGED 

. R - 0.1) 

Spec  ion  n 

Maximum 

Lifetime, 

Number 

Stress,  kai 

cycles 

Room  Temperature 

5-3 

145 

52,730 

5-4 

135 

37,730 

5-5 

125 

159,300 

5-6 

115 

303,270 

s-: 

135 

392,790 

5-8 

95 

429,580 

5-9 

85 

4,527,700 

5-1 

75 

2,268,600 

5-7 

65 

10,003 ,500* a * 

400  K 

5-10 

145 

t>  ,400 

5-11 

135 

12,900 

5-13 

125 

15,800 

5-14 

115 

47,900 

5-15 

105 

212,400 

3-16 

95 

1,277,700 

5-12 

85 

io,no,9oo<fl' 

60(1  F 

5-24 

1)5 

ib) 

5-23 

125 

15.400 

5-18 

115 

14.700 

5- 14 

103 

218,  100 

5-20 

05 

H in  ,hOo 

3-21 

Hi4' 

1 ,'M  ’ . 1(H) 

5-22 

■■3 

'•i , S')  t ul:l 

3-25 

■') 

! t ,8'H  ,».00-  ‘ ' 

••1 


■I 


4 


i i 

h * 


it  n't  till. 

i 


j n 


>n 


» i • i n.  . 


TABLE  XXXVII.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR  NOrrOHED 
(Kt  - 3. 01  DUPLEX-ANNEALED  TU6A1 -2Sn-2Zr- 
2Mo-2Cr  FORGED  BILLET  (LONG  TRANSVERSE,  R - 0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

Room  Temperature 

5-32 

95 

3,600 

5-31 

85 

8,600 

5-33 

75 

11,400 

5-34 

65 

23,400 

5-35 

55 

89,100 

5-37 

50 

89,900 

5-38 

45 

153,200 

5-36 

40 

5,069,900 

5-39 

35 

11,645, 200(a) 

400  F 

5-40 

85 

3,700 

5-41 

75 

6,850 

5-42 

65 

14,700 

5-43 

55 

33,300 

5-46 

47.5 

141,200 

5-44 

45 

417,400 

5-47 

40 

237,000 

5-34 

35 

17,270, 800U' 

600  F 

5-49 

85 

2,900 

5-48 

75 

4,000 

5-50 

65 

8,600 

5-51 

55 

22,500 

5-54 

50 

194,600 

5-53 

47.5 

527,800 

5-52 

45 

10,084,900(a) 

(al  Did  not  fail. 
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TABLE  XXXVIII.  SUMMARY  D.-iTA  ON  CREEP  AND  RUPTURE  PROPERTIES  FOR  DUPLEX 
ANNEALED  Ti-6Al-2Zr-2Sn-2Mo-2Cr  FORGED  BILLET 


Strain,  in./in.  *-'•*» 


FIGURE  42.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  AT  TEMPERATURE  FOR 
DUPLEX -ANNEALED  Ti-6Al-2Zr-2Sn-2Mo-2Cr  FORGED  BILLET 
(LONGITUDINAL) 


79 


Stress,  kst 


Stress,  ksi 


0 0.002  0.004  0.006  0.008  0.010  0.012 

Strain,  in. /in. 


0 3 6 9 12  15  18  i 

Tangent  Modulus,  10s  ksi  A-I6S2  \ 

'i 

FIGURE  45.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TAN GENT -MOD ULUS  ] 

CURVES  AT  TEMPERATURE  FOR  DUPLEX- ANNEALED  Ti-6Al-2Zr-  ! 

2Sn-2Mo-2Cr  FORGED  BILLET  (LONG  TRANSVERSE)  ■ 


i is 

& 


400  600 

Temperature,  F 


O e(L)  “ * 
.A  e(n,4  | * 
□ ECU  5 o 

oiml  1 “ 
1000 


FIGURE  46.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  DUPLEX  ANNEALED  Ti-6Al-2Zr-2Sn-2Mo-2Cr 
FORGED  BILLET 


U 


Temperature,  F 


16  *Q 

14  U? 


12  i 

s 

10 
1000 

A-IC34 


FIGURE  47.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 
PROPERTIES  OF  DUPLEX  ANNEALED  Ti-6Al-2Zr- 
2Sn-2Mo-2Cr  FORGED  BILLET 


Maximum  Stress,  ksi 


FIGURE  50.  STRESS -RUPTURE  AND  PLhSIIC  DEFORMATION  CURVES  FOR 
DUPLEX-ANNEALED  Ti-6Al-2Cr-2Sn-2Mo-2Cr  FORGED 
BILLET  (LONG  TRANSVERSE) 


Tl-6Al-2Cb-lTa-lMo  Alloy  Plata 


Material  Description 


6Al-2Cb-lTa-lMo  titanium  alloy  is  a modification  by  RMI  Company  of 
the  Ti-7Al-2Cb-lTa  composition.  The  modification  was  developed  specifically 
for  saltwater  stress-corrosion  resistance.  The  alloy  is  of  medium  strength  and 
is  forgeable  and  weldable.  It  is  generally  used  in  the  annealed  condition.  Some 
increase  in  strength  can  be  obtained  by  solution  treating  and  aging,  but  at  a 
sacrifice  in  ductility  and  toughness. 

Ti-6Al-2Cb-lTa-lMo  alloy  is  available  as  billet,  bar,  plate,  sheet, 
and  wire.  It  is  normally  processed  in  the  beta  phase  region. 

The  material  evaluated  was  a 1% -inch -thick  plate  from  RMI  ingot 
number  294447  with  the  following  composition: 


Chemical  Composition  Percent 


Carbon  .02 

Nitrogen  .006 

Iron  .07 

Aluminum  6.0 

Columbium  1.9 

Tantalum  .93 

Molybdenum  .77 

Oxygen  .08 

Titanium  Balance. 


Processing  and  Heat  Treating 


The  material  was  evaluated  in  the  as -received  beta-processed  and 
annealed  (1825  F,  1 hour,  air  cooled)  condition.  The  specimen  layout  is  shown 
in  Figure  51. 


Test  Results 


Tension.  Results  of  tests  in  the  'ongitudinal  and  transverse  direc- 
tions at  room  temperature,  400  F,  600  F,  and  800  F are  given  in  Tabl<j  XXXIX. 
Typical  stress-strain  curves  at  temperature  are  shown  in  Figures  52  and  53. 

Ef fect-of-temperature  curves  are  presented  in  Figure  56. 


Compression.  Results  of  tests  in  the  longitudinal  and  transverse 
directions  at  room  temperature,  400  F,  600  F,  and  800  F are  given  in  Table  XL. 
Typical  stress-strain  and  tangent-modulus  curves  are  shown  in  Figures  54  and 
55.  Effect-of-temperature  curves  are  presented  ip  Figure  57. 
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Shear.  Results  of  pin  shear  tests  at  room  temperature  for  both  the 
longitudinal  and  transverse  directions  are  given  in  Table  XL1. 


Impact . Results  of  Charpy  V-notch  tests  for  longitudinal  and  trans- 
verse specimens  at  room  temperature  are  given  in  Table  XLT.I. 


Fracture  Toughness.  Results  of  slow-bend  type  tests  at  room  temper- 
ature for  longitudinal  (L-T)  and  transverse  (T-L)  specimens  are  given  in  Table 
XLIII.  Candidate  Kq  values  shown  in  the  table  are  not  valid  Kjc  values  since 
they  did  not  meet  the  standard  of  Pmax/PQ  = 1.10.  Therefore,  as  recommended  in 
ASTM  E399,  Rs^  values  have  been  calculated  and  are  shown  in  the  table. 


Fatigue . Results  of  fatigue  tests  for  unnotched  and  notched  trans- 
verse specimens  at  room  temperature,  400  F,  and  600  F arc  given  in  Tables 
XLIV  and  XLV.  S-N  curves  are  presented  in  Figures  58  and  59. 


Creep  and  Stress -Rupture.  Tests  were  conducted  on  transverse  speci- 
mens at  400  F,  600  F,  and  800  F.  Tabular  test  results  are  given  in  Table  XLVI. 
Log-stress  versus  log-time  curves  are  presented  in  Figure  60. 


Stress  Corrosion.  Specimens  were  tested  as  described  in  the  experi 
mental  procedures  section  of  this  report.  No  failures  or  cracks  occurred 
during  the  test  duration. 


Thermal  Expansion.  The  coefficient  of  thermal  expansion  for  this 
alloy  is  5.2  x 10"*5  in./in./F  for  room  temperature  to  800  F. 


Density. 


The  density  of  this  material  is  0.162 


lb. /in.3 . 


TABLE  XXXIX.  TENSILE  TEST  RESULTS  FOR  ANNEALED 
Ti-6Al-2Cb-lTa-lMo  ALLOY  PLATE 


g;  Ultimate  0.2  Percent  Elongation  Reduction  Tensile 

■'  Specimen  Tensile  Offset  Yield  in  Two  Inches,  in  Area,  Modulus, 

| Number  Strength,  ksi  Strength,  ksi Percent Percent 10^  ksi 


\ 

Longitudinal  at  Room  Temperature 

n 

3, 

'dj*; 

f ' 

1L-1 

116.5 

103.1 

19.0 

33.7 

16.9 

f. 

% 

1L-2 

117.7 

101.1 

18.0 

35.3 

17.1 

1 

1L-3 

118.5 

102.0 

18.0 

32.4 

16.9 

t ’ 

ft 

V 

Average 

117.6 

102.1 

18.3 

33.8 

17.0 

'j' 

S 

Xi: 

Transverse  at  Room  Temperature 

1 

f 

IT-1 

119.6 

103.5 

18.0 

32.9 

17.5 

lT-2 

119.7 

104.5 

17.0 

32.4 

17.0 

IT-3 

118.6 

103.2 

17.0 

33.4 

16.8 

f 

» 

Average 

119.3 

103.7 

j.7.3 

32.9 

17.0 

l 

Longitudinal  at 

400  F 

t 

lL-4 

88.1 

64.1 

18.0 

43.4 

16.0 

rt 

i 

1L-5 

87.5 

63.8 

19.0 

40.8 

16.0 

i; 

1L-6 

87.9 

65.7 

18.0 

43.7 

16.1 

Average 

87.8 

64.5 

18.3 

42.6 

16.0 

Transverse  at 

400  F 

l 

y 

IT-4 

89.3 

66.6 

17.0 

42.1 

17.3 

c- 

IT-5 

89.6 

66.0 

17.0 

42.0 

17.5 

.'.T-6 

88.1 

64.9 

l&o 

43.7 

17.3 

• 

Average 

89.0 

65.8 

17.3 

42.6 

17.4 

- 

Longitudinal  at 

600  F 

1 

1L-7 

79.7 

58.7 

20.0 

52.3 

14.6 

lL-8 

80.2 

57.2 

19.0 

52.6 

13.6 

* 

1L-9 

80.7 

58.1 

20.0 

50.3 

13.9 

j 

Average 

80.2 

58.0 

19.6 

51.7 

14.0 

Transverse  at 

600  F 

I 

IT-7 

79.9 

55.0 

18.0 

47.5 

14.5 

IT-8 

81.0 

56.2 

18.0 

47.1 

14.5 

IT-9 

80.5 

57.1 

18.0 

47.1 

15.3 

Average 

80.5 

56.1 

18.0 

47.2 

14.8 

Longitudinal  at 

800  F 

V 

IL-10 

74.4 

52.8 

20.0 

48.8 

12.6 

l 

f 

1L-11 

73.6 

53.8 

20.0 

51.2 

12.6 

j; 

1L-12 

74.0 

50.7 

19.0 

50.9 

13.1 

'{■ 

Average 

74.0 

52.4 

19.7 

50.3 

12.8 

& 

Transverse  at 

800  F 

| 

6 

IT-10 

74.9 

55.8 

17.0 

49.7 

14.0 

IT- 11 

75.8 

55.3 

18.0 

48.4 

15.8 

IT- 12 

74.9 

55.0 

17.0 

48.8 

13.5 

5 

L; 

Average 

75.2 

55.4 

17.3 

49.0 

14.4 

i 

i 


i 

i 

i 

) 

j 

i 

•i 


TABLE  XL.  COMPRESSION  TEST  RESULTS  FOR  ANNEALED 
Ti.-6AL-2Cb-LTa-l.Mo  ALLOY  PLATE 


0.2  Percent 

Compression 

Spec  imen 

Offset  Yield 

Modulus, 

19? 

Number 

s&rsratth.  . 

Longitudinal  at  Room  Temperature 


2L-1 

107.8 

18.0 

2L-2 

108.1 

17.6 

2L-3 

m.u? 

17,1 

Average 

108.3 

17.6 

Transverse  at  Room  TemDerature 

2T-1 

112.4 

17.3 

2T-2 

112.0 

17.1 

2T-3 

111.4 

18.0 

Average 

111.9 

17.5 

Longitudinal  at  400  F 

2L-4 

72.7 

16.6 

2L-5 

74.9 

15.8 

2L-6 

7^0 

1?.3 

Average 

74.2 

15.9 

Transverse  at  400  F 

2T-4 

76.8 

16.1 

2T-  5 

77.6 

15.7 

2T-6 

77.9 

>M 

Average 

77.4 

15.6 

Longitudinal  at  600  F 

2L-7 

60.8 

15.3 

2L-8 

61.1 

14.8 

2L-9 

60.5 

14,8 

Average 

60.8 

15.0 

Transverse  at  600  F 

2T-7 

63.2 

15.0 

2T-8 

63.7 

15.3 

2T-9 

62.7 

14.5 

Average 

63.2 

14.9 

Longitudinal  at  800  F 

2L-L0 

55.2 

13.6 

2L-11 

54.6 

13.6 

2L-12 

13,8 

Average 

55.2 

13.7 

Transverse  at  800  F 

2T-10 

58.5 

14.0 

2T-11 

58.0 

14.1 

2T-12 

58.3 

13.6 

Average 

58.3 

13.9 
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TABLE  XLI.  PIN  SHEAR  TEST  RESULTS  FOR  ANNEALED 
Ti-6Al-2Cb-lTa-lMo  ALLOY  PLATE  AT 
ROOM  TEMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Strenath.  ksi 

4L-1 

Lonaitudinal 

83.4 

4L-2 

85.0 

4L-3 

82.5 

4L-4 

§1.2 

Average 

83.7 

4T-1 

Transverse 

84.2 

4T-2 

82.5 

4T-3 

84.4 

4T-4 

■SitO 

Average 

mmm^mmMK=gammxgxa 

83.8 

? 
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TABLE  XLII.  IMPACT  TEST  RESULTS  FOR  ANNEALED 
T1-6AI -2Cb- lTa- lMo  ALLOY  PLATE 
AT  ROOM  TEMPERATURE 


Specimen 

Number 

Energy, 

ft-lbs 

Lonaitudinal 

10L-1 

40 

10L-2 

38 

10L-3 

37 

10L-4 

40 

10L-5 

37 

10L-6 

21 

Average 

38.5 

Transverse 

10T-1 

33 

LOT-2 

33 

10T-3 

33 

10T-4 

35 

10T-5 

33 

10T-6 

36 

Average 

33.8 
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TABLE  XLIII.  RESULTS  OF  SLOW -BEND  TYPE  FRACTURE  TOUGHNESS  TESTS 
FOR  ANNEALED  Ti-6Al-2Cb-lTa-lMo  ALLOY  PLATE 


Specimen 

Number 

w, 

inches 

T, 

inches 

a, 

inches 

Span, 

inches 

[2; 

P 

Nnax  * 
lbs 

f(=) 

Kq(a) 

R u(b) 
Ksb 

Lonaitudinal  (L-T1 

6L-1 

2.00 

1.00 

1.063 

8.0 

11,750 

15,750 

2.957 

98.2 

2.09 

6L-2 

2.00 

1.00 

1.046 

8.0 

11,750 

17,760 

2.873 

95.5 

2.27 

6L-3 

2.00 

1.00 

1.000 

8.0 

12,000 

16,750 

2.664 

90.4 

1.97 

6L-4 

2.00 

1.00 

1.026 

8.0 

12,500 

16,500 

2.779 

98.2 

2.03 

Transverse  (T-L) 

6T-1 

2.00 

1.00 

0.988 

8.0 

13,000 

16,250 

7.614 

96. 1 

1.85 

6T-2 

2.00 

1.00 

1.010 

8.0 

12,000 

15,875 

2.708 

91.9 

1.89 

6T-3 

2.00 

1.00 

1.004 

8.0 

12,750 

16,000 

2.682 

96.7 

1.88 

6T-4 

2.00 

1.00 

0.988 

8.0 

11,750 

14,750 

2 .*14 

86.9 

1.68 

(a)  Candidate  Kq  values  are  Invalid  as  KjC  values  since  they  do  not  meet  the  standard 
of  a,  t,  -2.5  ( Kq/TYS );  or  the  ratio  of  P,iulx/Pq  “ 1.10  or  luss. 

(b)  tta.  Is  a function  of  the  maximum  load  that  the  specimen  can  sustain.  Its  dimensions, 
and  the  yield  strength  of  the  inaterial.  As  explained  In  ASTM  K399-72,  it  is  a use- 
ful comparative  measure  ol  toughness  of  materials  where  size  may  be  loss  than  suf- 
ficient tor  valid  K,  determination. 

ic 
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TABLE  XLIV. 

AXIAL  LOAD  FATIGUE  TEST 
ANNEALED  Ti-6Ai-2Cb-lTa- 
(Transverse,  R * 0.1) 

RESULTS  FOR  UNNOTCHED 
■lMo  ALLOY  PLATE 

Specimen 

Maximum 

Lifetime, 

Number 

Stress,  ksi 

cycles 

Room  Temperature 

5-1 

110 

27,100 

5-2 

105 

34,700 

5-3 

100 

37,900 

5-5 

95 

780,900 

5-6 

90 

1,091,500 

5-7 

85 

1,346,900 

5-4 

80 

2,965,900 

5-8 

75 

2,952,000 

5-9 

70 

4,271,300 

5-10 

65 

10,0l6,500<a> 

400  F 

5-23 

90 

17,400 

5-22 

85 

114,800 

5-21 

80 

78,700 

5-20 

75 

127,800 

5-19 

70 

662,700 

5-24 

65 

3,877,800 

5-25 

60 

4,683,300 

5-26 

55 

11,934, 000(a> 

600  F 

5-12 

80 

140 

5-14 

75 

214,600 

5-13 

70 

241,700 

5-16 

65 

1,235,800 

5-17 

60 

2,658,100 

5-18 

55 

9,435,800 

(a)  Did  not  fail. 


TABLE  XLV.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR  NOTCHED 
(Kt  - 3.0)  ANNEALED  Ti-6Al-2Cb-lTa-lMo 
ALLOY  PLATE  (Transverse,  R ■ 0.1) 


Specimen 

Number 

Maximum 
Stress,  ksl 

Lifetime, 

cycles 

5-31 

Room  Temoerature 
85 

4,100 

5-32 

75 

7,200 

5-33 

65 

18,300 

5-34 

60 

27,700 

5-35 

55 

60,000 

5-36 

45 

99,600 

5-37 

35 

3,715,300 

5-38 

30 

5,065,600 

5-44 

25 

10,000,000<a) 

5-39 

400  F 
75 

4,100 

5-40 

65 

7,900 

5-41 

55 

15,300 

5-42 

45 

76,500 

5-43 

35 

709,900., 
15,211, 700u; 

5-45 

25 

5-46 

600  F 
75 

3,000 

5-47 

65 

5,100 

5-48 

55 

12,500 

5-49 

45 

41,700 

5-50 

35 

463,400 

5-51 

25 

ll,537,700(a) 

(a)  Did  not  fail. 
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FIGURE  52.  TYPICAL  TENSILE  STRI 
ATURE  FOR  ANNEALED  j 
PLATE  (Longitudinal! 


FIGURE  54.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT -MOUDLUS  \ 

CURVES  AT  TEMPERATURE  FOR  ANNEALED  Ti-6Al-2Cb-lTa-lMo  } 

ALLOY  PLATE  (Longitudinal)  | 
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FIGURE  56.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  ANNEALED  Tl-6Al-2Cb-lTa-lMo  ALLOY  PLATE 
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FIGURE  57.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  PROPERTIES 
OF  ANNhALED  Ti- 6Al-2Cb-lTa-lMo  ALLOY  PLATE 
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FIGURE  58.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  UNNOTCHED  ANNEALED 
Ti  -6A1  - 2Cb  - ITa  - lMo  ALLOY  PLATE 


FIGURE  59.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED  (Kf  = 3.0) 
ANNEALED  Ti-6Al-2Cb-lTa-lMo  ALLOY  PUTE 


T1-6A1-4V  Alloy  Plate 


Material  Description 


T1-6A1-4V  is  one  of  the  most  used  titanium  alloys  and  thus  needs  no 
descriptive  words.  It  is  used  In  great  quantities  and  in  various  product  forms 
for  aerospace  and  other  applications.  The  0.57-inch-thick  plate  used  for  this 
evaluation  was  GFM  from  material  produced  for  Boeing  to  their  low  oxygen 
specification. 


Processing  and  Heat  Treatinr 


The  specimen  layout  is  shown  in  Figure  61.  The  material  was  tested 
in  the  as-received,  beta-annealed  condition. 


Test  Results 


Tension.  Results  of  tests  in  both  the  longitudinal  and  transverse 
directions  at  room  temperature,  400  F,  600  F,  and  800  F are  given  in  Table 
XLV1X.  Typical  stress-strain  curves  at  temperature  are  shown  in  Figures  62  and 
63.  Effect-of-temperature  curves  are  presented  in  Figure  66. 


Compression.  Results  of  tests  in  both  the  longitudinal  and  transverse 
directions  at  room  temperature,  400  F,  600  F,  and  800  F are  given  in  Table 
XLVII1.  Typical  stress-strain  and  tangent-modulus  curves  at  temperature  are 
shewn  in  Figures  64  and  65.  Effect-of-temperature  curves  are  presented  in 
Figure  67. 


Shear . Pin  shear  test  results  at  room  temperature  are  given  in  Table 
XLIX  for  longitudinal  and  transverse  specimens. 


Impact.  Charpy  V-notch  test  results  for  longitudinal  and  transverse 
specimens  at  room  temperature  are  given  in  Table  L. 


Fracture  Toughness.  Results  of  compact-tension  type  tests  are  given 
in  Table  LI.  Due  to  the  thickness  of  the  plate  (0.57  inch)  the  size  require- 
ments of  ASTM  E399  could  not  be  met;  however,  Rgc  values  were  calculated  from 
the  test  results  and  are  presented  in  Table  LI. 


Fatigue.  Test  results  for  transverse  specimens  in  both  the  unnotched 
and  notched  conditions  at  room  temperature,  400  F,  and  600  F are  given  in 
Tables  LII  and  LIII.  S-N  curves  are  presented  in  Figures  68  and  69. 


Creep  and  Stress  Rapture.  Results  of  tests  on  transverse  specimens 
at  400  F,  600  F,  and  800  F are  given  in  Table  LIV.  Log-stress  versus  log-time 
curves  are  shown  in  Figure  70. 


Stress  Corrosion.  Tests  were  conducted  as  described  in  the  experi- 
mental procedures  section  of  this  report.  No  failures  or  cracks  occurred  in 
the  test  duration. 


Thermal  Expansion.  The  coefficient  of  thermal  expansion  for  this 
alloy  is  5.0  x 10"^  in  7 in./ F for  70  F to  1200  F. 


Density.  The  density  for  this  material  is  0.160  lb. /in. 
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TABLE  XLVII.  TENSILE  TEST  RESULTS  FOR  BETA- 
ANNEALED  T1-6A1-4V  ALLOY  PLATE 


Specimen 

Number 

Ultimate 

i Tensile  Strength, 
ksi 

0.2  Percent 
Offset  Yield 
Strength,  ksi 

Elongation 
in  2 Inches, 
percent 

Reduction 
in  Area, 
percent 

Tensile 
Modulus, 
103  ksi 

Longitudinal  at  Room  Temperature 

1L-1 

138.0 

130.7 

12,0 

14.6 

17.6 

1L-2 

134.3 

126.1 

12.0 

23.4 

17.5 

IL-3 

134.9 

126.4 

12.5 

24.8 

17.5 

Average 

135.8 

127.7 

12.2 

20.9 

17.5 

Transverse  at  Room  Temperature 

IT-1 

136.5 

126.8 

12.0 

27.3 

16.8 

IT- 2 

136.0 

125.6 

12.5 

29.3 

16.9 

IT-3 

135.5 

127.7 

11.5 

25.6 

17.1 

Average 

136.0 

126.7 

12.0 

27.4 

16.9 

Longitudinal  at 

400  F 

11,-4 

103.2 

87.6 

16.0 

34.3 

16.3 

1L-5 

102.8 

84.8 

16.0 

32.5 

16.0 

1L-6 

103.7 

86.0 

16.0 

36.4 

16.0 

Average 

103.3 

86.1 

16.0 

34.4 

16.1 

Transverse  at 

400  F 

IT-4 

102.8 

84.9 

16.0 

34.6 

16.0 

IT-5 

103.9 

86.0 

17.0 

31.1 

16.4 

IT-6 

104.4 

85.9 

14.0 

30.9 

17.1 

Average 

103.7 

85.6 

15.7 

32.2 

16.5 

Longitudinal  at 

600  F 

1L-7 

92.7 

72.7 

16.0 

33.4 

16.4 

1L-8 

92.7 

72.3 

14.0 

36.2 

16.0 

IL-9 

92.2 

71.4 

15.0 

35.8 

15.2 

Average 

92.5 

72.1 

15.0 

35.1 

15.9 

Transverse  at 

600  F 

IT-7 

92.8 

71.2 

15.0 

35.8 

15.3 

IT-8 

92.2 

70.7 

14.0 

34.4 

15.3 

IT-9 

93.3 

72.7 

14.0 

32.7 

15.4 

Average 

92.7 

71.5 

14.3 

34.3 

15.3 

Longitudinal  at 

800  F 

1L-I0 

83.1 

66.0 

24.0 

48.2 

13.4 

1L-11 

82.3 

64,6 

18.0 

47.0 

13.2 

1L-12 

83.7 

65.5 

20.0 

51.1 

13.0 

Average 

83.0 

65.5 

20.7 

48.8 

13.2 

Transverse  at 

600  F 

IT-10 

82.4 

64.4 

18.0 

45.5 

14.7 

IT-11 

82.6 

63.7 

18.0 

43.6 

14.1 

IT-12 

82.5 

64.2 

19.0 

45.8 

13.0 

Average 

82.5 

64.1 

18.3 

45.0 

13.9 
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0.2  Percent 

Compressive 

Specimen 

Offset  Yield 

Modulus , 

Number 

Strength,  ksi 

103  ksi 

Longitudinal  at  Room  Temnerature 

2L-1 

132.0 

17.0 

2L-2 

132.3 

16.6 

2L™3 

133.0 

17.8 

Average  132.4 

Transverse  at  Room  Temperature 

17.7 

2T-1 

134.1 

17.2 

2T-2 

134.5 

17.9 

2T-3 

135.7 

17.4 

Average  134.8 

17.5 

Longitudinal  at  400  F 

2L*”4 

88.8 

15.8 

2L-5 

90.6 

16.1 

2L-6 

89.2 

15.4 

Average  89.5 

15.8 

Transverse  at  400  F 

2T-4 

92.3 

16.1 

2T-5 

90.7 

15.0 

2T-6 

91.3 

15.2 

Average  91.4 

15.4 

Longitudinal  at  600  F 

2L-7 

73.3 

14.7 

2L-8 

72.9 

14.5 

2L-9 

74.4 

15.1 

Average  73.5 

14.8 

Transverse  at  600  F 

2T-7 

76.7 

14.7 

2T-8 

76.2 

15.7 

2T-9 

76.9 

15.0 

Average  76.6 

15.1 

Longitudinal  at  800  F 

2L-10 

67.8 

14.0 

2L-11 

68 . 6 

13.6 

2L-12 

68.4 

14.3 

Average  68,3 

14.0 

Transverse  at  800  F 

2T-10 

70.6 

13.9 

2T-11 

69.6 

14.2 

2T-12 

69.4 

13.8 

Average  69.9 

14.0 

■ 
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T/..BLE  XLVIX.  pIN  SHEAR  TEST  RESULTS  FOR 

BETA-ANNEALED  Ti-6A1-4V  ALLOY 
PLATE  AT  ROOM  TEMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Strength,  ksi 

Longitudinal 

4L-1 

89.4 

4L-2 

89.0 

4l-3 

92.3 

4l-4 

91.7 

Average  90.6 

Transverse 

4T-1 

89.4 

4t-2 

91.0 

4T-3 

89.6 

4T-4 

89.4 

Average  89.9 


TABLE  L. 

IMPACT  TEST  RESULTS  FOR 
ANNEALED  T1-6A1-4V  ALLOY 
AT  ROOM  TEMPERATURE 

BETA- 

PLATE 

Sp3cimen 

Energy, 

Number 

it. / lbs . 

Longitudinal 

10L-1 

23.5 

10L-2 

23.0 

10L-3 

24.0 

10L-4 

24.0 

10L-5 

23.0 

10L-6 

24.0 

Average 

23.6 

Transverse 

10T-1 

21.0 

10T-2 

24.0 

10T-3 

24.0 

10T-4 

24.0 

10T-5 

23.0 

10T-6 

23.0 

Average 

23.2 
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TABLE  LI.  RESULTS  OF  COMPACT  TENSION  TYPE  FRACTURE  TOUGHNESS 
TESTS  ON  BETA- ANNEALED  TI-6A1-4V  ALLOY  PLATE 


Specimen 

Number 

w, 

inches 

B, 

inches 

a, 

inches 

PQ 

lbs. 

p 

max' 

Ids. 

f(S) 

K (a) 

Kq 

u (b) 

Longitudinal  (L-Tl 

6L-1 

3.0 

0.561 

1.62 

10,375 

11,000 

10.842 

115.7 

1.235 

6L-2 

3.0 

0.560 

1.62 

10,600 

11,500 

10.842 

118.5 

1.294 

6L-3 

3.0 

0.560 

1.62 

10,650 

11,550 

10.842 

119.1 

1.299 

6L-4 

3.0 

0.560 

1.60 

10,600 

11,750 

10.607 

115.9 

1.281 

6L-5 

3.0 

0.561 

1.70 

9,750 

10,250 

11.929 

119.7 

1.317 

6L-6 

3.0 

0.560 

1.66 

10,250 

10,450 

11.342 

119.9 

1.254 

Transverse  (T-Ll 

6T-1 

3.0 

0.561 

1.61 

10,250 

11,000 

10.724 

113.1 

1.216 

6T-2 

3.0 

0.560 

1.60 

9,600 

10,000 

10.607 

104.9 

1.109 

6T-3 

3.0 

0.560 

1.60 

10,750 

11,325 

10.607 

117.6 

1.235 

6T-4 

3.0 

0.561 

1.60 

10,875 

11,300 

10.607 

118.7 

1.230 

6T-5 

3.0 

0.561 

1.62 

10,625 

11,025 

10.842 

118.5 

1.238 

b'L-b 

3.0 

0.560 

1.64 

10,625 

11,250 

11.049 

121.0 

1.30 

(a)  Candidate  Kq  values  are  invalid  as  K^c  values.  Tests  do  meet  the  Pmaa{/PQ 
requirementbut  do  not  meet  the  size  requirement.  ^ 

Cb)  Rgc  is  a function  of  the  maximum  load  that  the  specimen  can  sustain,  its 
dimensions,  and  the  yield  strength  of  the  material.  As  explained  in  ASTM 
E399-72,  it  is  a useful  comparative  measure  of  toughness  of  materials  where 
size  may  be  less  than  sufficient  for  valid  KIc  determination. 


TABLE  LII.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 

UNNOTCHED  BETA  ANNEALED  T1-6A1-4V  PLATE 
(TRANSVERSE,  R ■ 0.1) 


Specimen 

Number 


Maximum 
Stress,  ksi 

Room  Temperature 
120 
115 
110 
105 
100 
95 
90 

400  F 
110 
100 
90 
85 
80 
80 
75 
70 

600  F 
90 


Lifetime, 

cycles 


19,300 

32,100 

234,200 

417,800 

1,237,900 

2,064,600 

10,814,900^ 

15 

11,400 
32,700 
57,000 
2,699,800 
6,519,100 
530, 600 ( 
11 ,792,700( 

7,600 

o-j  o nn 


0 

605,400 

5 

2,508,800 

0 

1,235,800 

0 

1,261,900 

0 

10,328,700 

(a)  Did  not  fail. 

(b)  Failed  at  thermocouple  weld. 
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TABLE  LIII.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 

NOTCHED  (Kt  - 3.0)  BETA  ANNEALED  Ti-6A1 
4V  PLATE  (TRANSVERSE,  R - 0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

5-31 

Room  Temnerature 
120 

1,600 

5-32 

110 

1,900 

5-33 

100 

2,900 

5-34 

85 

7,400 

5-35 

75 

10,000 

5-36 

60 

63,700 

5-37 

50 

225,300 

5-38 

40 

576,400 

5-39 

30 

I6,935,000(a) 

5-42 

400  F 
60 

15,400 

5-45 

55 

19,100 

5-41 

50 

34,900 

5-43 

45 

258,400 

5-40 

40 

280,100 

5-44 

35 

11,161, 100(a) 

5-46 

600  F 
60 

9,600 

5-48 

55 

12,900 

5-47 

50 

31,100 

5-50 

45 

388,000 

5-49 

40 

6,739,500 

5-51 

37.5 

3,488,800 

5-52 

35 

10,064, 700(a) 

(a)  Did  not  fail. 
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FIGURE  62.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  AT  TEMPERATURE  FOR 
BETA- ANNEALED  T1-6A1-4V  ALLOY  PLATE  (LONGITUDINAL) 
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FIGURE  64.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT- 
MODULUS  CURVES  AT  TEMPERATURE  FOR  BETA- ANNEALED 
T1-6A1-4V  ALLOY  PLATE  (LONGITUDINAL) 
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FIGURE  66.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF 
BETA-ANNEALED  TI-6A1-4V  ALLOY  PLATE 


FIGURE  67.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  PROPERTIES 
OF  BETA-«NNEALED  Ti-6Al~4V  ALLOY  PLATE 


Modulus,  E,  I05  ksi 


Maximum  Stress,  ksi  Maximum  Stress,  kst 


Rupture 


FIGURE  70.  STRESS  RUPTURE  AND  PLASTIC  DEFORMATION  CURVES  FOR  BETA. 
ANNEALED  TI-6A1-4V  PLATE  (TRANSVERSE) 


Ti-6A1-4V  Alloy  Castings 


Material  Description 


TI-6A1-4V  castings  have  been  utilized  in  airframe  construction  for 
a number  of  years,  primarily  in  simple  shapes  and  in  unstressed  or  low  stress 
areas.  Recently,  more  complex  shapes  have  been  used  as  confidence  in  casting 
properties  has  increased.  One  of  the  primary  reasons  is  that  parts  can  be 
cast  to  a finished  or  near-finished  shape  instead  of  being  machined  to  size 
from  a large  forging  or  thick  plate. 

The  material  used  for  this  evaluation  was  cast,  wedge  shaped,  plates 
approximately  5 inches  by  61;  inches  and  tapering  from  about  1 inch  to  ^ inch. 
The  material  was  from  TiTech  International  casting  heat  number  6-4  2119  and 
had  the  following  composition; 


Chemical  Composition  Percent 


Carbon  0.28 

Oxygen  . 18 

Hydrogen  . 0027 

Nitrogen  .015 

Aluminum  5.90 

Vanadium  3.90 

Iron  . 10 

Titanium  Balance  . 


Processing  and  Heat  Treating 

The  specimens  were  all  machined  in  one  direction  from  the  cast 
plates  described  above  and  no  specimen  layout  is  shown.  The  material  was 
received  in  the  annealed  condition  and  no  further  heat  treating  was  done. 


Test  Results 


Tension.  Results  of  tests  at  room  temperature,  400  F,  600  F,  and 
800  F are  given  in  TaMe  LV.  Typical  stress-strain  curves  at  temperature  are 
shown  in  Figure  71.  Effect-of-temperature  curves  are  presented  in  Figure  73. 


Compression.  Results  of  tests  at  room  temperature,  400  F,  600  F, 
and  800  F are  given  in  Table  LVI.  Typical  stress-strain  and  tangent -modulus 
curves  are  shown  in  Figure  72.  Effect  of  temperature  curves  are  shown  in 
Figure  74. 


Shear. 
Table  LVII. 


Results  of  pin  shear  tests  at  room  temperature  are  given  in 


Impact. 

in  Table  LVI1I. 


Charpy  V-notch  test  results  at  room  temperature  are  given 


Fracture  Toughness.  In  view  of  the  invalid  results  obtained  from 
T1-6A1-4V  beta -annealed  (preceding  section  of  this  report)  with  approximately 
the  same  thickness  of  material,  it  was  believed  that  the  casting  data  would 
also  be  invalid.  However,  compact  tension  type  tests  were  attempted.  Kq 
values  from  the  first  three  specimens  were  in  the  same  range  as  the  beta- 
annealed  alloy  test  results,  therefore  no  further  tests  were  conducted. 


Fatigue.  Test  results  for  unnotched  and  notched  specimens  at  room 
temperature,  400  F,  and  600  F are  given  in  Tables  LIX  and  LX.  S-N  curves  are 
presented  in  Figures  75  and  76. 


Creep  and  Stress  Rupture.  Tests  were  conducted  at  400  F,  600  F,  and 
800  F.  Tabular  test  results  are  given  in  Table  LXI.  Log-stress  versus  log- 
time curves  are  presented  in  Figure  77. 


i 


Streas  Corrosion.  Tests  were  conducted  as  described  in  the  experi- 
mental procedure  section  of  this  report.  No  failures  or  cracks  occurred  in 
the  test  duration. 


Thermal  Expansion  and  Density.  Values  for  these  properties  are  the 
same  as  for  wrought  T1-6A1-4V. 


« 

Specimen  Orientation 


Cast  Wedge 
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TABLE  LV.  TENSILE  TEST  RESULTS  FOR  ANNEALED  TI-6A1-4V  CASTINGS 


Ultimate  0.2  Percent  Elongation  Reduction  Tensile 
Specimen  Tensile  Strength,  Offset  Yield  in  1-inch,  in  Ares,  Modulus, 
Number  ksi  Strength,  ksi  percent  percent  l(T  ksi 


1L-1 

136.9 

Room  Temperature 
130.0 

6.5 

10. 1 

17.4 

1L-2 

137.9 

130.1 

6.5 

13.5 

17.6 

1L-3 

138.5 

131.0 

6.5 

9.9 

16.5 

Average 

137.8 

130.4 

6.5 

11.2 

17.2 

1L-4 

99.0 

400  F 
86.9 

8.0 

15.3 

17.2 

1L-5 

102.5 

89.3 

12.5 

20.4 

16.3 

1L-6 

100.9 

88.4 

10.0 

21.2 

16.8 

Average 

100.8 

88.2 

10.2 

19.0 

16.8 

1L-7 

83.5 

600  F 
68.9 

11.5 

25.5 

16.2 

1L-8 

83.9 

69.9 

10.5 

22.0 

14.8 

1L-9 

86.9 

ZJLi 

14.0 

25.4 

14.7 

Average 

84.8 

69.8 

12.0 

24.3 

15.2 

1L-10 

75.6 

800  F 
62.7 

10.5 

27.4 

14.9 

IL-ll 

78.5 

63.9 

13.0 

30.4 

16.1 

1L-12 

ZM 

64.9 

12.5 

27.3 

14.4 

Average 

77.5 

63.8 

12.0 

28.4 

15.1 

TABLE  LVI 


COMPRESSION  TEST  RESULTS  FOR 
ANNEALED  T1-6A1-4V  CASTINGS 


Specimen 

Number 

0.2  Percent 
Offset  Yield 
Strength,  ksi 

Compression 
Modulus , 
l(f  ksi 

2L-1 

Room  Temoerature 
136.9 

16.3 

2L-2 

138.1 

16.4 

2L-3 

137.4 

16.8 

Average 

137.5 

16.5 

2L-4 

400  F 
90.9 

16.1 

2L-5 

93.3 

15.7 

2L-6 

94.6 

15.0 

Average 

92.9 

15.6 

2L-7 

600  F 
73.7 

14.1 

2L-8 

74.4 

15.3 

2L-9 

75.7 

15.3 

Average 

74.6 

14.9 

2L-10 

800  F 
65.8 

13.5 

2L-11 

69.8 

12.7 

2L-12 

66.9 

14.3 

Average 

67.5 

13.5 

f 

1 
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TABLE  LVII.  PIN  SHEAR  TEST  RESULTS  FOR 
ANNEALED  TI-6A1-4V  CASTINGS 
AT  ROOM  TEMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Strength,  ksi 

4L-1 

92.7 

4L-2 

94.7 

4L-3 

92.3 

4L-4 

91.5 

Average  92.8 

TABLE  [.VI IL 

IMPACT  TEST  RESULTS  FOR 
ANNEALED  Ti-6AI-4V 
CASTING  AT  ROOM  TEMPERATURE 

Specimen 

Number 

Energy, 
ft /lb 

10L-1  16.5 


10L-2 

15.0 

10L-3 

15.0 

10L-4 

16.0 

10L-5 

18.5 

10L-6 

16.0 

Average 

16.2 
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TABLE  LIX.  AXIAL  LOAD  FATIGUE  TEST  RESULTS 
FOR  UNNOTCHED  ANNEALED  Ti-6A1-4V 
CASTINGS  (R  =0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

- 

Room  Temperature 

5-1 

100 

54,200 

5-2 

80 

70,800 

5-3 

70 

102,700 

5-4 

60 

209,000 

5-5 

55 

22,800 

5-6 

50 

2,276,500 

5-7 

47.5 

471,500.  . 
. 10,061,700*  ' 

5-8 

42.5 
400  F 

5-12 

90 

5,200 

5-11 

80 

35,200 

5-9 

70 

162,200 

5-10 

60 

297,200 

5-13 

50 

114,600 

5-14 

45 

989,300 

5-15 

42.5 

1,603,200 

5-16 

40 

600  F 

8,332,800 

5-17 

90 

6,500 

5-18 

80 

24,700 

5-19 

70 

42,700 

5-20 

60 

216,700 

5-21 

50 

2,835,700 

5-22 

45 

-863,600 

5-23 

40 

4,184,700 

5-24 

40 

4,443,100.. 

10,263,900^ 

5-25 

35 

(a)  Did  not  fail. 
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TABLE  LX  . AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 

NOTCHED  (Kt  - 3.0)  ANNEALED  T1-6A1-4V 
CASTINGS  (R  - 0.1) 


Specimen 

Maximum 

Lifetime, 

Number 

Stress,  ksl 

cycles 

Room  Temperature 

5-31 

80 

10,100 

5-32 

70 

17,700 

5-33 

60 

85,500 

5-34 

50 

256,500 

5-35 

45 

1,307,700 

5-36 

42.5 

439,000.  . 
10,068,000^  ' 

5-37 

40 

400  F 

5-41 

70 

7,800 

5-38 

60 

20,100 

5-39 

50 

66,700 

5-40 

45 

267,000 

5-42 

40 

2,841,300 

5-43 

37.5 

5,823,600 

5-44 

35 

2,806,200 

5-45 

32.5 

509,900 

5-46 

30 

2,261,000 

5-55 

30 

3,765,700 

600  F 

5-51 

70 

5,500 

5-40 

60 

11,800 

5-47 

50 

42,600 

5-49 

40 

234,000 

5-50 

35 

8,419,300 

5-52 

35 

250,700 

5-53 

30 

2,009,000. 
14,433,000^  ' 

5-54 

25 

(a)  Did  not  fail. 
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(b)  Test  discontinued 


Stress, 


FIGURE  71. 


Strain,  in. /in. 

TYPICAL  TENSILE  STRESS -STRAIN  CURVES  AT  TEMPERATURE 
FOR  ANNEALED  TI-6A1-4V  CASTINGS 
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' Tangent  Modulus,  I03  ksi 

i 

V 

i FIGURE  72.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT -MODULUS 


Maximum  Stress,  ksi  ^ Maximum  Stress,  ksi 
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IGURE  73.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  UNNOTCHED  ANNEALED 
T1-6A1-4V  ALLOY  CASTINGS 


FIGURE  76.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED  (Kt  = 3.0) 
ANNEALED  Ti-6A1-4V  ALLOY  CASTINGS 
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Rupture 
1.0%  creep 
0.5%  creep 
0.2%  creep 


-RUPTURE  AND  PLASTIC  DEFORMATION  CURVES  FOR  ANNEALED  T1-6A1-4V  ALLOY  CASTINGS 


T1-6A1-4V  Isothermal  Forging 


Material  Description 


Application  of  the  isothermal  forging  concept  to  titanium  alloys 
has  been  investigated  on  a laboratory  scale  for  many  years.  The  material 
evaluated  on  this  program  came  from  an  Air  Force  sponsored  program  (F33615- 
71-C-1264)  at  the  Ladish  Company.  The  specific  goal  was  to  develop  isothermal 
forging  technology  as  a process  that  will  yield  titanium  airframe  parts 
having  surfaces  which  are  "net",  or  which  require  no  post-forging  machining. 
The  results  of  this  program  have  been  published  in  AFML-TR-74-123  from  which 
additional  information  regarding  this  material  may  be  obtained. 


Processing  and  Heat  Treating 


The  stabilizer  rib  from  which  the  specimens  were  machined  was  of 
varying  thickness  and  complex  shape  so  no  specimen  layout  is  shown.  All 
specimens  were  sectioned  from  the  forging  in  the  transverse  direction.  Speci- 
mens were  tested  in  the  as-received  (annealed)  condition. 


Test  Results 


Tension.  Results  of  transverse  tests  at  room  temperature,  400  F, 

600  F,  and  800  F are  given  in  Table  LXII.  Typical  stress-strain  curves  at 
temperature  are  shown  in  Figure  78.  Effect-of -temperature  curves  are  presented 
in  Figure  80. 


Compression.  Results  of  transverse  compression  tests  at  room  temper- 
ature, 400  F,  600  F,  and  800  F are  given  in  Table  LXIII.  Typical  stress- 
strain  and  tangent-modulus  curves  at  temperature  are  presented  in  Figure  79. 

Ef fect-of -temperature  curves  are  shown  in  Figure  81. 


Shear.  Results  of  pin  shear  tests  at  room  temperature  are  given  in 
Table  LXIV. 


Impact.  Charpy  V-notch  test  results  at  room  temperature  are  given 
in  Table  LXV. 


Fracture  Toughness.  Only  one  specimen  (compact  tension)  of  sufficient  , 
dimensions  was  available  from  the  forging  due  to  the  varying  thickness.  This  speci- 
men produced  a valid  test  result  of  Kjc  » 59  kst  /in. 


133 


Fatigue.  Axial  load  fatigue  test  results  for  unnotched  and  notched 
transverse  specimens  at  rooa  temperature,  400  F,  and  600  F are  given  in  Tables 
LXVX  and  LXVI1.  S-N  curves  are  shown  in  Figures  82  and  83. 


Creep  and  Stress  Rupture.  Tests  were  conducted  on  transverse  speci- 
mens at  400  F,  600  F,  and  800  F.  Tabular  test  results  are  given  In  Table 
LXVIIX,  Log-stress  versur  log-time  curves  are  presented  in  Figure  84. 


Stress  Corrosion.  Tests  were  conducted  as  described  in  the  experi- 
mental procedure  section  of  this  report.  No  failures  or  cracks  occurred  in 
the  test  duration. 


Thermal  Expansion  and  Density.  These  values  are  the  same  as  for 
wrought  Ti-6A  -4V.  ” 


Sketch  of  Forging 
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TABLE  LXII.  TENSILE  TEST  RESULTS  FOR  T1-6A1-4V 
ISOTHERMAL  FORGINGS  (TRANSVERSE) 


Ultimate 

0.2  Percent 

Elongation 

Reduction 

Tensile 

Specimen 

Tensile 

Offset  Yield 

in  1 Inch, 

in  Area, 

Modulus, 

Number 

Strength,  ksi 

Strength,  ksi 

percent 

percent 

10?  psi 

Room  Temperature 


1 

IT-1 

142.5 

134.1 

17.0 

46.6 

16.2 

IT-2 

144.0 

138.0 

17.0 

45.3 

16.6 

1 

V 

IT -3 

Average 

145.2 

I53T9 

13u.8 

136.3 

17.0 

17.0 

45.2 

45.7 

16.4 

16.4 

\ 

400  F 

i 

IT-4 

110.7 

102.1 

17.5 

47.8 

15.1 

IT-5 

111.3 

104.6 

18.0 

50.0 

15.9 

f 

IT -6 

Average 

109.6 

no 

100.0 

102.2 

17.0 

17.5 

45.3 

57T 

14.7 

15.2 

\ 

600  F 

IT-7 

98.7 

92.7 

18.5 

55.8 

14.7 

IT-8 

100.1 

92.7 

18.0 

54.8 

14.9 

>■ 

IT-9 

Average 

101.6 

99.8 

94.7 

93.4 

19.0 

18.5 

51.7 

50 

13.9 

14.5 

i 

800  F 

IT- 10 

87.0 

75.6 

20.5 

64.8 

12.5 

IT-11 

85.7 

79.1 

21.0 

62.1 

13.2 

IT-12 

89.6 

80.3 

23.0 

60.0 

13.0 

I 

Average 

87.4 

78.3 

21.5 

62.3 

12.9 

i 


rw  Minin'  > «w  n 


I 


TABLE  LXIII. 


COMPRESSION  TEST  RESULTS  FOR  T1-6A1-4V 
ISOTHERMAL  FORGINGS  (TRANSVERSE) 


Specimen 

Number 

0.2  Percent 
Offset  Yield 
Strength,  ksi 

Compression 
Modulus , 
103  ksi 

Room  Temperature 

2T-1 

136.2 

16.5 

2T-2 

135.7 

16.9 

2T-3 

136.0 

16.0 

Average  135.9 

16.5 

400  F 

2T-4 

100.2 

15.9 

2T-5 

102.1 

15.5 

2T-6 

101.9 

14,9 

Average  101.4 

15.4 

600  F 

2T-7 

94.5 

13.9 

2T-8 

93.2 

14.2 

2T-9 

92.0 

13.7 

Average  93.2 

13.9 

800  F 

2T-10 

81.9 

13.2 

2T-11 

79.6 

12.6 

2T-12 

77.4 

13.0 

Average  79.6 

12.9 
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TABLE  LXIV.  TRANSVERSE  SHEAR  TEST  RESULTS  FOR  T1-6A1-4V 
ISOTHERMAL  FORGINGS  AT  ROOM  TEMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Strength,  kai 

4-1 

99.4 

4-2 

98.3 

4-3 

97.3 

4-4 

93.7 

Average  97.2 

TABLE  LXV.  CHARPY  V-NOTCH  TEST  RESULTS  FOR 
Ti-6A1-4V  ISOTHERMAL  FORGINGS 
(TRANSVERSE) 


Specimen 

Number 

Energy, 
ft. /lb. 

10T-1 

16.5 

10T-2 

17.5 

10T-3 

16.5 

10T-4 

17.0 



Average  16.9 
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TABLE  LXVI.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR  UNNOTCHED 

T1-6A1-4V  ISOTHERMAL  FORGINGS  (TRANSVERSE,  R«0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

5-1 

Room  Temperature 
130 

48,640 

5-2 

120 

539,620 

5-3 

110 

746,390 

5-4 

110 

895,770 

5-5 

100 

1,329,130 

5-6 

95 

1,133,900 

5-7 

90 

1,624,500 

5-8 

80 

3,368,800 

5-9 

70 

10,099,250(a) 

5-11 

400  F 
110 

16,180 

5-12 

105 

26,260 

5-20 

100 

605,000 

5-13 

95 

1,609,000 

5-21 

90 

325,8o0(b) 

5-19 

90 

1,765,000 

5-14 

90 

2,530,760 

5-22 

80 

597,200<b) 

5-10 

80 

10,100,000(a) 

5-15 

600  F 
90 

50,100(b) 

5-18 

90 

184,140 

5-22 

85 

316,400 

5-17 

80 

5,119,160 

5-23 

75 

5,620,200 

5-16 

70 

10,124,000(a) 

(a)  Did  not  fail. 

(b)  Failed  in  grip. 
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TABLE  LXV1I.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 

NOTCHED  (Kt  - 3.0)  TI-6A1-4V  ISOTHERMAL 
FORGINGS  (TRANSVERSE,  R - 0.1) 


Specimen 

Number 

t Maximum 
Stress,  ksi 

Lifetime, 

cycles 

R om  Temperature 

5-31. 

60 

14,090 

5-34 

55 

55,950 

5-33 

50 

146,910 

5-35 

45 

103,370 

5-32 

40 

173,520 

5-36 

35 

386,740 

5-37 

30 

13,894,000^ 

400  F 

5-38 

60 

15,800 

5-44 

55 

38,000 

5-41 

50 

181,500 

5-42 

40 

823,600 

5-39 

30 

6,592,500 

5-40 

30 

6,339,100 

5-43 

25 

14,831,000(a) 

600  F 

5-45 

60 

13,300 

5-51 

55 

23,900 

5-46 

50 

34,600 

5-48 

45 

54,300 

5-52 

42.5 

174,900 

5-47 

40 

1,282,800 

5-50 

40 

983,900 

5-49 

35 

ll,353,000<a) 

(a)  Did  not  fail. 
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TABLE  LXVIII.  SUJWARY  DATA.  OK  CREEP  AND  RUPTURE  PROPERTIES  FOR  T1-6A1-4V  ISOTHERMAL  FORGING 
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Transverse 


Strain,  in./in. 

[ i I i i L—  J 

0 3 6 9 12  15  18 

Tangent  Modulus,  10s  ksi  a-i*o« 

FIGURE  79.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AND  TANGENT-MODULUS 

CURVES  AT  TEMPERATURE  FOR  TU6A1-4V  ISOTHERMAL  FORGINGS 
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Jt.W 


Maximum  Stress,  ksi  S Maximum  Stress,  ksi 


82.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  UNNOTCHED  Ti-6A1-4V  ISOTHERMAL  FORGINGS 


Lifetime,  cycles 


FIGURE  84.  STRESS  RUPTURE  AND  PLASTIC  DEFORMATION  CURVES  FOR  Ti-6A;-4V  ISOTHERMAL  FORGINGS  (TRANSVERSE) 


Incolov  903  Alloy  Sheet 


Material  Description 


Incoioy  Alloy  903  is.  a precipitation-hardenable  nickel- iron-cobalt 
alloy  whose  outstanding  characteristics  are  a constant  low  coefficient  of 
thermal  expansion,  a constant  modulus  of  elasticity,  and  high  strength.  Be- 
cause the  alloy  contains  no  chromium,  oxidation  resistance  may  become  a 
consideration  for  some  high  temperature  applications. 

The  material  used  for  this  evaluation  was  a 0.063-inch-thick  sheet 
from  Huntington  Alloys  Heat  Number  HH25A9UK  with  the  following  composition: 


Chemical  Composition  Percent 


Carbon  0.03 

Manganese  0.16 

Iron  40.92 

Sulfur  0.004 

Silicon  0.07 

Nickel  38.08 

Aluminum  0.88 

Titanium  1.61 

Cobalt  15.22 

Columbium  plus 

Tantalum  3.01 


Processing  and  Heat  Treating 


The  specimen  layout  for  Incoloy  903  is  shown  in  Figure  85.  The  sheet 
was  received  in  the  annealed  condition  (1700  F)  and  was  heat  treated  as  follows 
1325  F,  8 hours,  furnace  cool  at  100  F per  hour  to  1150,  hold  for  8 hours,  air 
cool. 


Test  Results 


Tension.  Test  results  for  longitudinal  and  transverse  specimens  at 
room  temperature,  800  F,  1000  F,  and  1200  F are  given  in  Table  LXIX.  Typical 
stress-strain  curves  at  temperature  are  shown  in  Figures  86  and  87.  Effect- 
of-temperature  curves  are  shown  in  Figure  90. 


Compression.  Test  results  for  both  the  longitudinal  and  transverse 
directions  at  room  temperature,  800  F,  1000  F,  and  1200  F are  given  in  Table 
I.XX.  Typical  stress-strain  and  tangent-modulus  curves  are  shown  in  Figures 
88  and  89.  Ef fect-of-temperature  curves  are  presented  in  Figure  91. 
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Shear.  Teat  results  for  sheet-shear  type  specimens  at  room  temper- 
ature in  both  the  longitudinal  and  transverse  directions  are  given  in  Table 
LXXI. 


Fracture  Toughness.  Plane-stress  center-notched  type  tests  were 
conducted  at  room  temperature.  Results  are  presented  In  Table  LXXIl, 


Fatigue.  Test  results  for  transverse  unnotched  and  notched  speci- 
mens at  room  temperature,  800  F,  and  1000  F are  given  in  Tables  LXXIII  and 
tfXIV.  S-N  curves  are  shown  in  Figures  92  and  93. 


Creep  and  Stress  Rupture.  Tests  were  conducted  at  1000  F,  1200  F,  and 
1400  F for  transverse  specimens.  Test  results  are  given  in  Table  LXXV.  Log- 
stress  versus  log-time  curves  are  presented  in  Figure  94.  The  material  tested 
was  in  the  recrystallized  condition;  hence,  the  creep  and  stress  rupture  proper- 
ties exhibited  are  not  indicative  of  the  material's  capability.  Incoloy  903 
in  the  nonrecrystallized  condition  would  be  expected  to  display  superior  creep 
and  stress  rupture  properties. 


Stress  Corrosion.  No  failures  or  cracks  occurred  when  specimens 
were  tested  as  described  in  the  experimental  procedures  section  of  this  report. 


Thermal  Expansion.  The  coefficient  of  thermal  expansion  for  this 
alloy  is  5.6x  10‘c  in./in./F  (RT  to  1200  F) 


Density.  The  density  of  thiB  alloy  is  0.294  lb/in.3. 
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TABLE  LX IX.  TENSILE  TEST  RESULTS  FOR  HEAT' 
TREATED  INCOLOY  903  SHEET 


0.2  Percent  Elongation  Tensile 

Specimen  Ultimate  Tensile  Offset  Yield  in  2 Inches,  Modulus, 
Number  Strength,  Rsi  Strength,  ksi  percent  103  ksi 


Longitudinal  at  Room  Temperature 


1L-1 

193.5 

156.1 

14.5 

23.2 

1L-2 

191.2 

156.0 

13.5 

26.3 

1L-3 

190.8 

154.3 

13.0 

24.6 

Average 

191.9 

155.5 

Transverse  at  Room  Temperature 

13.7 

24.7 

IT-1 

194.4 

168.5 

16.0 

27.7 

IT-2 

191.9 

161.4 

17.0 

25.5 

IT-3 

192.7 

165.2 

15.0 

24.2 

Average 

193.0 

165.0 

Longitudinal  at  800  F 

16.0 

25.8 

1L-4 

169.7 

144.0 

17.0 

22.8 

1L-5 

171.6 

139.6 

18.0 

21.0 

1L-6 

170.9 

139.0 

17.6 

21.0 

Average 

170.7 

140.8 

Transverse  at  800  F 

17.3 

21.6 

IT-4 

170.0 

142.0 

16.5 

22.2 

IT- 5 

168.4 

145.6 

15.5 

23.0 

IT-6 

171.9 

140.2 

15.5 

21.4 

Average 

170.1 

142.6 

Longitudinal  at  1000  F 

15.8 

22.2 

1L-7 

167.2 

138.5 

16.5 

22.1 

1L-8 

168.0 

134.6 

17.0 

24.2 

1L-9 

164.6 

131.4 

18.0 

21.4 

Average 

166.6 

134.8 

Transveree  at  1000  F 

17.2 

22.2 

IT-7 

164.6 

137.2 

16.5 

22.1 

IT-8 

160.8 

134.6 

13.5 

23.2 

IT-9 

165.2 

135.6 

14.0 

21.7 

Average 

163.5 

135.6 

Longitudinal  at  1200  F 

14.7 

22.3 

1L-10 

132.0 

116.0 

18.0 

21.4 

1L-11 

131.6 

118.5 

14.5 

22.1 

1L-12 

128.2 

115.6 

17.0 

20.7 

Average 

130.6 

116.7 

Transverse  at  1200  F 

16.5 

21.4 

IT-10 

131.9 

120.3 

17.5 

20.1 

IT-1L 

129.6 

121.3 

17.0 

22.6 

IT-12 

133.4 

119.7 

17.5 

20.7 

Average 

131.6 

120.4 

17.3 

21.1 

149 
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TABLE  LXX. 


COMPRESSION  TEST  RESULTS  FOR  HEAT 
TREATED  INCOLOY  903  SHEET 


0.2  Percent 

Compression 

Specimen 

Offset  Yield 

Modulus, 

Number 

Strength,  Its! 

103  ksi 

Longitudinal  at  Room  Temperature 


2L-1 

168.7 

24.5 

2L-2 

168.0 

25.2 

2L-3 

164.2 

26.0 

Average  167.0 

25.2 

Transverse  at  Room  Tenroerature 

2T-1 

176.2 

26.0 

2T-2 

174.6 

24.0 

2T-3 

171.9 

22.9 

Average  174.2 

24.3 

Longitudinal  at  800  F 

2L-4 

152.6 

22.4 

2L-5 

152.0 

24.3 

2L-6 

153.7 

21.7 

Average  152.2 

22.8 

Transverse  at  800  F 

2T-4 

160.0 

25.0 

2T-5 

159.0 

22.2 

2T-6 

163.7 

23.8 

Average  160.9 

23.7 

Longitudinal  at  1000  F 

2L»7 

138.7 

21.6 

2L-8 

142.6 

24.0 

2L-9 

143.0 

23.5 

Average  141.4 

23.0 

Transverse  at  1000  F 

2T-7 

144.7 

23.7 

2T-8 

144.5 

21.9 

2T-9 

147.8 

24.1 

Average  145 . 6 

23.2 

Longitudinal  at  1200  F 

2L-10 

122.7 

21.1 

2L-11 

125.0 

22.1 

2L-12 

119.7 

20.9 

Average  122.5 

21.4 

Transverse  at  1200  F 

2T-10 

130.2 

23.1 

2T-11 

124.8 

22.0 

2T-12 

120.4 

21.5 

Average  125.1 

22.2 
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TABLE  LXXI.  SHEAR  TEST  RESULTS  FOR  HEAT-TREATED 

INCOLOY  903  SHEET  AT  ROOM  TEMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Strength,  ksi 

4L-1 

Longitudinal 

124.4 

4L-2 

119.6 

4L-3 

127.8 

Average 

123.9 

4T-1 

Transverse 

127.3 

4T-2 

127.4 

4T-3 

125.6 

-Average 

127.8 

TABLE  LXXI’.  FRACTURE  TOUGHNESS  TEST  RESULTS  (T-L)  FOR  HEAT- 
TREATED  INCOLOY  903  SHEET  AT  ROOM  TEMPERATURE 


Specimen 

Number 

Thickness, 
B,  inch 

Width, 
w,  inch 

Maximum 
Stress , 
ksi 

Initial 

Precrack, 

inches 

Apparent 

SIF, 

Net 

Section 

Stress, 

ksi 

6-1 

.0635 

18.0 

100.6 

3.70 

243 

126.6 

6-2 

.0635 

18.0 

100.8 

3.64 

241 

126.4 

6-3 

.0635 

18.0 

102.1 

3.63 

244 

127.5 

6-4 

.0635 

18.0 

104.6 

3.64 

250 

131.1 
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TABLE  LXXIII.  AXIAL- LOAD  FATIGUE  TEST  RESULTS 

FOR  UNNOTCHED  HEAT-TREATED  INCOLOY 
903  SHEET  (TRANSVERSE,  R » 0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

5-1 

Room  Temperature 
160 

100 

5-2 

150 

3,000 

5-3 

140 

12,800 

5-4 

130 

92,100 

5-5 

120 

198,200 

5-6 

110 

462,100 

5-7 

100 

528,790 

5-8 

90 

4,683,200 

5-9 

80 

10,000, ooo(a:* 

5-10 

800  F 
140 

1,230 

5-11 

130 

10,200 

5-12 

120 

84,900 

5-13 

115 

57,200 

5-14 

110 

120,800 

5-15 

100 

198,700 

5-16 

95 

500,700 

5-20 

90 

417,200 

5-19 

80 

987,600 

5 -1-8 

70 

ll,402,000*a) 

5-21 

1000  F 
130 

14,100 

5-22 

120 

15,200 

5-23 

110 

84,900 

5-24 

100 

57,900 

5-25 

90 

101,400 

5-26 

80 

987,100 

5-27 

70 

8,200,700 

5-28 

65 

10,000,000(a) 

(a)  Did  not  fail. 
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TABLE  LXXIV.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 
NOTCHED  (K  - 3.0)  HEAT-TREATED 
INC0L0Y  903  SHEET  (TRANSVERSE,  R » 0.1) 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

Room  Temperature 

5-30 

120 

3,300 

5-32 

100 

10,200 

5-31 

90 

15,600 

5-32 

80 

99,200 

5-33 

70 

120,600 

5-34 

60 

784,200 

5-35 

55 

1,101,600 

5-36 

50 

4,296,700 

5-37 

45 

10,000, ooo(a* 

800  F 

5-39 

100 

500 

5-40 

90 

1,200 

5-38 

80 

52,000 

5-41 

70 

17,100 

5-42 

60 

342,100 

5-44 

50 

848,600 

5-43 

40 

10,000, ooo(a) 

1000  F 

5-45 

90 

9,600 

5-46 

80 

12,200 

5-47 

70 

184,000 

5-48 

60 

177,000 

5-49 

55 

432,700 

5-50 

50 

1,409,700 

5-51 

45 

7,216,000 

5-52 

40 

11.250,000<a) 

(a)  Did  not  fail. 
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TABLE  LXXV.  SUMMARY  DATA  ON  CREEP  AND  RUPTURE  PROPERTIES  FOR  HEAT-TREATED  INCOLOY  903  SHEET 


Stress,  ksi 


i 


0 5 10  15  20  25  30  j 

Tangent  Modulus,  I03  ksi  a-iszo  ! 


FIGURE  89.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  AN!)  TANGENT-  j 

MODULUS  CURVES  AT  TEMPERATURE  FOR  HEAT-TREATED  \ 

INCOLOY  903  SHEET  (.TRANSVERSE)  < 

i 
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Compressive  Strength,  ksi  „ Elongation,  percent  Tensile  Strength,  ksi 


Temperature,  F 


LGURR 


90. 


EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF 
HEAT-TREATED  TNCOLOY  903  SHEET 


FIGURE  91  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 

PROPERTIES  OF  HEAT-TREATED  INCOLOY  903  S1IFET 
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Modulus,  Ec,  iO6  psi  Modulus, 


Maxi 
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201.0  T7  Aluminum  Castings 


Material  Description 


201  is  a recently  developed  heat-treatable,  high  strength  aluminum 
casting  alley  which  contains  copper,  silver,  magnesium,  and  titanium.  Premium 
quality  castings  made  from  this  alloy  have  exhibited  Improved  mechanical 
properties  when  compared  to  premium  quality  castings  of  other  conventional 
aluminum  alloys.  The  alloy  can  be  cast  by  sand,  permanent  mold,  or  investment 
casting  techniques. 

The  castings  used  for  this  evaluation  were  actual  production  parts 
used  in  airframe  construction. 


Processing  and  Heat  Treating 


The  alloy  was  tested  in  the  as-received  -T7  condition. 


Test  Results 


Tension.  Results  of  tensile  tests  at  room  temperature,  300  F, 

400  F,  and  500  F are  given  in  Table  [.XXVI.  Typical,  stress-strain  curves  at 
temperature  are  shown  in  Figure  95.  Effect-of-temperature  curves  are  shown 
in  Figure  97. 


Compression.  Test  results  at  room  temperature,  300  F,  400  Fv  and 
500  F are  given  in  Table  LXXVtI.  Typical  stress-strain  and  tangent -modulus 
curves  are  shown  in  Figure  96.  Ef fec.t-of-temperature  curves  are  shown  in 
Figure  98. 


Shear.  Pin  shear  test  results  at  room  temperature  are  given  in 
Table  LXXVIII. 


Impact.  Charpy  V-notch  test  results  at  room  temperature  are  given 
in  Table  LXXIX. 


Fracture  Toughness.  The  maximum  thickness  of  the  casting  (about 
1/2-inch)  was  not  sufficient  for  fracture  tests. 


Fatigue . Axial  load  test  results  for  unnotched  and  notched  speci- 
mens at  room  temperature , 300  F,  and  400  F are  given  in  Tables  LXXX  and  LXXXI, 
S-N  curves  arc  presented  in  Figures  99  and  100. 
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Creep  and  Stress  Rupture.  Tests  were  conducted  at  300  F,  400  I*’, 
and  500  F.  tabular  test  results  are  given  in  Table  LXXXII.  Log-stress  versus 
log-time  curves  are  presented  in  Figure  101. 


Stress  Corrosion.  Tests  were  conducted  as  described  in  the  experi- 
mental procedure  section  of  this  report.  No  failures  or  cracks  occurred  in  the 
test  duration. 


Thermal  Expansion.  The  coefficient  of  thermal  expansion  is  13.2  x lO-1' 

in. /in. /F. 


Density.  The  density  of  this  alloy  is  0.101  lb. /in,3. 


f 
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TABLE  LXXVI 


TENSION  TEST  RESULTS  FOR  201-T7  ALUMINUM  ALLOY  CASTING 


Ultimate 

Tensile 

0.2  Percent 
Offset  Yield 

Elongation 

Tensile 

Specimen 

Strength, 

Strength, 

in  2 Inches, 

Modulus , 

Number 

ksi 

ksl 

percent 

103  ksi 

Room  Temperature 


1-1 

66.1 

60.4 

4.5 

10.1 

1-2 

67.1 

59.7 

5.0 

11.0 

1-3 

68.0 

59.8 

4.5 

10.3 

Average 

67.1 

60.0 

4.7 

10.5 

300 

_F 

1-4 

56.5 

49.4 

6.0 

9.3 

1-5 

4 

57.0 

49.1 

8.5 

9.4 

1-6 

57.0 

48.8 

7.0 

10.0 

Average 

56.8 

49.4 

7.2 

9.6 

400 

_F 

1-7 

48.7 

46.7 

9.5 

9.1 

1-8 

49.4 

46.7 

9.0 

8.6 

1-9 

47.2 

45.2 

10.0 

8.7 

Average 

48.4 

46.2 

9.5 

8.8 

500 

_F 

1-10 

29.2 

28.0 

14.0 

7.5 

1-11 

29.2 

27.6 

15.0 

8.5 

1-12 

31.0 

29.4 

14.5 

7.9 

Average 

29.8 

28.3 

14.5 

8.0 

* ■ 
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TABLE  LXXVII.  COMPRESSION  TEST  RESULTS  FOR 

201-T7  ALUMINUM  ALLOY  CASTINGS 


0.2  Percent 

Compression 

Specimen 

Offset  Yield 

Modulus , 

Number 

Strength,  ksi 

103  ksi 

Room  Temperature 


2-1 

62.0 

11.1 

2-2 

61.6 

11.2 

2-3 

59.0 

10.9 

Average 

60 

11.1 

300  F 

2-4 

55.8 

9.8 

2-5 

52.0 

10.1 

2-6 

53.0 

10.0 

Average 

53.6 

9.9 

400  F 

2-7 

52.0 

9.6 

2-8 

46.0 

9.9 

2-9 

46.6 

9.7 

Average 

48.  2 

9.7 

500  F 

2-10 

33.1 

9.1 

2-11 

29.7 

8.9 

2-12 

30.0 

8.9 

Average 

30.9 

9.0 

TABLE  L XXV III , SHEAR  TEST  RESULTS  FOR 
2QL-T7  ALUMINUM  ALLOY 
CASTINGS  AT  ROOM 
TEMPERATURE 


Specimen 

Number 

Ultimate  Shear 
Sttength,  ksi 

4-1 

39.3 

4-2 

39.0 

4-3 

39.8 

4-4 

39.3 

Average  39.3 

TABLE  LXXIX. 

IMPACT  TEST  RESULTS  FOR 
201-T7  ALUMINUM  ALLOY 
CASTINGS  AT  ROOM 
TEMPERATURE 

Specimen 

Number 

Energy , 
ft. /lbs. 

10-1 

10-2 

10-3 

10-4 

10-5 

10-6 


7.0 

5.0 

4.0 

4.0 

5.0 
5.0 
5.0 


Average 


TABLE  LXXX.  AXIAL  LOAD  CUHJl'K  TEST  RESULTS  l OR  L'N'NOTCll!. 
201 -T7  ALUMINUM  ALLOY  CASTINGS 


X 

T 

¥ 


Specimen 
Numbti  r 


Maximum 
Stress,  ksi 


Lifetime , 
eye les 


Room  Temperature 


5-2 

60.0 

9,500 

5-3 

35.0 

21,300 

5-1 

50.0 

30,200 

5-4 

45.0 

70,600 

5-3 

42.5 

2,581,900 

5-5 

40.0 

50,400 

5-7 

37.5 

53,300 

5-6 

35.0 

3,858,400 

5-9 

30.0 

11,340,800(*> 

300  F 

5-10 

60.0 

8,400 

5-II 

55.0 

17,400 

5-12 

50.0 

42,200 

5-13 

45.0 

124,100 

5-15 

42.5 

223,900 

5-14 

40.0 

109,300 

5-16 

37.5 

2,384,200 

5-17 

35.0 

204,300 

5-18 

30.0 

238,300lb> 

5-19 

25.0 

11,538, 190  (ri> 

400  F 

5-20 

60. U 

100 

5-24 

50.0 

28,100 

5-22 

45.0 

33,700 

5-25 

42.5 

97,800 

5-21 

40.0 

177,900 

5-26 

37.5 

212,300 

5-23 

35.0 

2,851,600 

5-27 

30.0 

236,800 

5-28 

25.0 

14,461 ,900 

fa)  Did  not  fail. 

(I<)  Failed  at  Radius. 
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TABLE  LXXXI.  AXIAL  LOAD  FATIGUE  TEST  RESULTS  FOR 
NOTCHED  <Kt  « 3.0)  201-T7  ALUMINUM 
ALLOY  CASTINGS 


Specimen 

Number 

Maximum 
Stress,  ksi 

Lifetime, 

cycles 

Room  Temperature 

5-31 

40.0 

7,500 

5-32 

30.0 

21,600 

5-34 

25.0 

44,700 

5-36 

22.5 

107,400 

5-33 

20.0 

247,500 

5-35 

17.5 

2,646,500 

5-37 

15.0 

14,621,000<u) 

300  F 

5-44 

40.0 

6,400 

5-45 

30.0 

26,600 

5-47 

25.0 

48,300 

5-46 

20.0 

91,800 

5-49 

17.5 

1,061,800 

5-50 

15.0 

8,524,200 

5-51 

12.5 

ll,392,300(a) 

400  F 

5-38 

40.0 

6,100 

5-39 

30.0 

15,400 

5-41 

25.0 

43,800 

5-40 

20.0 

128,400 

5-42 

17.5 

243,600 

5-43 

15.0 

509,000 

5-52 

12.5 

4,744,700 

5-53 

10.0 

13,384,100(a) 

(a)  Did  not  fall. 
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Compressive  _ _ 

Strength  ksi  ' Elongation,  percent  Tensile  Strength,  ksi 


Temperature , F 


:''V|  .-A  I .!►  ON  ill!.  IT. NS  11,  K PROPCRTTL’S  OF 

■iti.i  a i : n ai.i.o*1  o\sr.:,v-s 


Mudulus  (Ec).  ksi  Mudulus  (E),  ksi 


Maximum  Stress,  ksi  Maximum  Stress,  ksi 


FIGURE  99.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  UNNOTCHED  20I-T7  ALUMINUM 
ALLOY  CASTING 


% 
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FIGURE  100.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED  (K 
ALUMINUM  ALLOY  CASTINGS 
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3,0>  201-T7  i 


i 


X Rupture 
G 1.0%  deformation 
A 0.5%  deformation 
O 0.2%  deformation 


DISCUSSION  OF  PROGRAM  RESULTS 


The  tendency  in  an  evaluation  program  of  this  type  is  to  compare  the 
materials  property  information  obtained  with  similar  data  on  materials  already 
in  use.  Whether  such  a comparison  should  he  the  deciding  factor  for  interest 
in  a newer  alloy  is  open  to  question.  Many  criteria,  such  as  forming  character- 
is'  os,  oxidation  resistance,  weldability,  etc.,  can  be  of  particular  importance 
in  ) particular  application  so  that  strength  properties  may  become  secondary. 
However,  since  first  comparisons  are  usually  made,  on  the  basis  of  mechanical 
strength  (tensile  ultimate  and  tensile  yield),  the  materials  evaluated  on  this 
program  ar*  compared  to  each  other  and  to  similar  alloys.  Figures  102  and 
103  are  2 f fee t-nf -temperature  curves  concerned  with  these  properties. 

This  data  sheet  effort  was  concerned  primarily  with  aluminum  and 
titanium  alloys.  As  can  be  seen  from  Figures  102  and  103,  the  aluminum  alloys 
were  similar  in  strength,  as  were  the  titanium  alloys.  The  two  heat-resistant 
alloys.  Inconel  617  and  the  higher  strength  Incoloy  903,  show  good  strength 
properties  with  extremely  good  strength  retention  at  elevated  temperatures. 

The  development  aim  for  these  alloys  seems  to  have  been  achieved. 

As  mentioned  above,  the  aluminum  alloys  and  the  titanium  alloys, 
as  a group,  show  similar  strength  properties.  Table  LXXXIII  presents  the 
room  temperature  fatigue  strength  at  107  cycles  for  these  materials.  It  is 
interesting  to  note  that,  although  there  is  some  variation  in  the  unnotched 
fatigue  strength,  the  notched  (Kfc  ■ 3.0)  fatigue  properties  (of  prime 
importance  in  structural  design)  are  very  similar.  In  fact,  the  two  cast 
alloys  show  higher  notched  fatigue  properties  than  their  wrought  alloy  counter- 
parts. 


TABLE  LXXXIII.  FATIGUE  STRENGTHS  AT  ROOM 

TEMPERATURE  FOR  PROGRAM  ALLOYS 


Fatigue  Strength  at  107  cycles,  ksl 


Alloy 

Unnotched 

Notched 

.049 

35 

11 

7475 

48 

13 

2419 

36 

11 

201 

30 

16 

Ti-6-4  Cast 

44 

41 

Ti-6-4  Forged 

75 

31 

Ti-6-4  Beta  Annealed 

92 

35 

Ti-6-2-1-1 

68 

28 

Ti-6-2-2-2-2 

76 

40 
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CONCLUSIONS 


The  objective  of  this  program  was  the  generation  of  useful  engineering 
data  for  newly  developed  materials.  During  the  contract  term,  the  following 
materials  were  evaluated 


<n 

(2) 

(3) 

('-*) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 
(ID 


7049-T735 1 plate 

Inconel  hl7  annealed  sheet; 

7475 -T735 1 plate 
2419-T851  plate 

Ti-6Al-2Zr-2Sn-2Mo-2Cr  duplex-annealed  forging 

Ti-6Al-2Cb-lTa-lMo  annealed  plate 

Ti-6Al-4V  beta-annealed  plate 

Ti-6A1.-4V  annealed  castings 

Ti-6A1-4V  isothermal  forgings 

Incoloy  903  heat-treated  sheet 

201.0  T7  eastings. 


A data  sheet  wis  isstied  for  each  material.  As  a summary,  each  of  the 
data  sheets  is  reproduced  in.  Appendix  III. 


APPENDIX  I 


EXPERIMENTAL  PROCEDURE 


Mechanical  Properties 

The  various  mechanical  properties  of  interest  for  each  of  the  mate- 
rials are  as  follows: 

(1)  Tension 

(a)  Tensile  ultimate  strength,  TUS 

(b)  Tensile  yield  strength,  TYS 

(c)  Elongation,  e 

(d)  Reduction  in  area,  RA 

<a)  Modulus  of  elasticity,  E^. 

(2)  Compression 

(a)  Compressive  yield  strength,  CYS 

(b)  Modulus  of  elasticity,  E^. 

(3)  Creep  and  stress -rupture 

(a)  Stress  for  0.2  or  0.5  percent  deformation  in  100 
hours  and  1000  hours 

(b)  Stress  for  rupture  in  100  hours  and  1000  hours. 

(4)  Shear 

(a)  Shear  ultimate  strength,  SUS 
(.5)  Axial  fatigue* 

(a)  Unnotched,  R = 0.1,  lifetime:  103  through  107 

cycles 


* "R"  represents  the  algebraic  ratio  of  the  minimum  stress  to  the  maximum  stress 

in  one  cycle;  that  is,  R = Sm£n/Smax.  "Kt"  represents  the  Neuber-Peterson 
theoretical  stress  concentration  factor. 
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(b)  Notched  (K^  * 3.0),  R « 0.1,  lifetime:  10J  through 
10  cycles. 

(6)  Fracture  toughness,  KT  or  K 

Ic  c 

(7)  Stress  corrosion 

(a)  80  percent  TYS  for  1000  hours  maximum,  3-1/2  percent 

NaCl  solution. 

(8)  Thermal  expansion. 

(9)  bend 

(a)  Minimum  radius. 

(10)  Impact 

(a)  Charpy  V-notch. 

(11)  Density. 


Specimen  Identification 


A simple  system  of  numbers  and  letters  was  used  for  specimen  identifi- 
cation. Coding  consisted  of  a number  indicating  the  type  of  test  and  also  indi- 
cating a comparable  area  on  the  sheet,  plate,  or  forging.  For  certain  test 
types,  the  number  was  followed  by  a letter  signifying  specimen  orientation  (L 
for  longitudinal,  T for  transverse,  ST  for  short  transverse).  The  test  types 
where  the  letter  did  not  appear  were  creep,  fatigue,  and  bend  Fmce,  in  these 
cases,  only  one  specimen  orientation  was  used.  The  next  number  in  the  coding 
specifies  the  location  from  which  the  specimen  blank  was  taken  from  the  original 
material  configuration.  Coding  was  as  follows: 


Assigned 

Numbe r Test  Type 

1 Tension 

2 Compression 

3 Creep  and  stress -rupture 

4 Shear 

5 Fatigue 

6 Fracture  toughness 
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.s  signed 
Mumlie  r 

Test  Type 

7 

Stress  corrosion 

a 

Therma l expand  ion 

9 

lie  nd 

10 

lmpac  t 

il 

1,  •nsitv 

As  at  example,  n specimen  numbciol  ?-T5  is  a compression  spec Linen,  i ratis  ve r.‘K: 
orientation,  cut  from  Location  3.  Also,  a specimen  numbered  "i - L 2 is  a tatigU' 
specimen  cut  from  Location  12. 


Test  Description 


Tension 


Procedures  used  for  tension  testing  are  those,  recommended  in  ASTM 
methods  E8-b9  and  E21-70  as  well  as  in  FederaL  Test  Method  standard  No.  131 
Six  specimens  (three  longitudinal  and  three  transverse)  were  tested  at  each 
temperature  to  determine  ultimate  tensile  strength,  0.2  percent  offset  yield 
strength,  elongation,  and  reduction  in  area.  The  modulus  of  elasticity  was 
obtained  from  load-strain  curves  plotted  by  an  autographic  recorder  during  each 
test. 


All  tensile  tests  were  carried  out  in  Baldwin  Universal  testing 
machines.  These  machines  are  calibrated  at  frequent  intervals  in  accordance 
with  ASTM  method  E4-72  to  assure  loading  accuracy  within  0.2  percent.  The 
machines  are  equipped  with  integral  automatic  strain  pacers  and  autographic 
strain  recorders. 

Specimens  tested  at  eLevated  temperatures  were  heated  in  standard 
wire-wound  resistance -type  furnaces.  Each  furnace  was  equipped  with  a Foxboro 
controller  capable  of  maintaining  the  test  temperature  to  within  3 F of  the  con- 
trol temperature  over  a 2-inch  gage  length.  Chrome  1 -A lumel  thermocouples 
attached  to  the  specimen  gage  section  were  used  to  monitor  temperatures.  Each 
specimen  was  soaked  at  temperature  at  least  20  minutes  before  being  tested. 

An  averaging-type  linear  differential  transformer  extensomotor  was 
used  to  measure  strain.  For  elevated  temperature  testing,  the  extonsometer 
was  equipped  with  extensions  to  bring  the  transformer  unit  out  of  the  furnace. 
The  extonsometer  conformed  to  ASTM  E83-67  Classification  111  having  a sensitivity 
of  0.0001  inch/inch.  The  strain  rate  in  the  elastic  region  was  maintained  at 
0.005  inch/inch/minute . After  yielding  occurred,  the  head  speed  was  increased 
to  0.1  inch /inch /minute  unt • i fracture. 
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impression 


Procedures  lor  conducting  compression  tests  are  outlined  in  ASTM 
Method  E9-70  along  with  temperature  control  provisions  of  E-21-70.  All  ..net  i 
and  thin  plate  tests  were  carried  out  in  Baldwin  Universal  testing  machines 
using  a North  American  type  compression  fixture  as  shown  in  Reference  ?. 

Specimen  heating  was  accomplished  by  a forced-air  furnace  for  temperatures  up 
to  1000  F.  Specimen  temperature  was  maintained  by  means  of  a Wheelco  pyronu  ter. 
Three  Chrome  1-Aluiael  thermocouples  attached  to  the  tixture  were  used  to  mow  tun 
temperatures  to  within  3 F of  the  test  temperature.  For  higher  tempo t ature;. , 
wire-wound  furnaces  were  used  with  controls  as  described  in  Liu  tensile  test 
section. 


The  extensometer  used  for  the  compression  tests  was  quit.,  similai  to 
that  used  in  the  tensile  testing.  The  extension  arms  were  fastened  to  the  speci- 
men at  small  notches  spanning  a 2-inch  gage  length.  The  output  lrom  t ho  micro- 
former was  fed  into  a load-strain  recorder  to  provide  autographic  load-strain 
curves.  During  testing  the  strain  rate  was  adjusted  to  0.005  inch/ Inch/minute. 

For  bar  and  forging  material,  cylindrical  specimens  similar  to  those 
described  in  ASTM  E9-70  were  used  with  appropriate  temperature  control  and  strain 
measurement  as  described  above. 

Six  specimens  1 three  longitudinal  and  three  transverse)  were  tested  at 
each  temperature. 


Shear 


Single-shear  sheet-typo  specimens  were  used  for  sheet  and  thin-plate 
material;  for  bar  and  forgings,  a double-shear  pin-type  was  used.  Shear  testing 
was  performed  at  room  temperature  only.  A minimum  of  six  specimens  (three  longi- 
tudinal and  three  transverse)  were  used  to  determine  ultimate  sheai  strength. 


Bond 


The  procedures  for  conducting  bend  tests  are  described  in  Report  MAB- 
192-M.  The  specimens  were  placed  in  a rigid  three-point  loading  fixture  and 
bending  tups  of  various  sizes  were  used  to  determine  the  minimum  bend  radius 
at  room  temperature. 


Creep  and  Stress  Rupture 


Standard  dead-weight  type  creep  testing  frames  were  used  lor  the  creep 
and  stress-rupture  tests.  These  machines  are  calibrated  to  operate  well  within 
*h<*  accuracy  requirements  of  ASTM  method  E139-70. 
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Specimens  similar  to  those  used  for  tension  tests  were  used  for  the 
creep  and  stress-rupture  studies.  A platinum  strip  "slide  rule"  extensometer 
is  attached  tor  measuring  creep  strain  and  three  Chrome  1 -Alume 1 thermocouples 
are  attached  to  the  gage  section  for  temperature  measurements.  Extensome ter 
measurements  were  made  visually  through  windows  in  the  furnace  by  means  of  a 
filar  micrometer  microscope  in  which  the  smallest  division  equals  u. 00005 
inch . 


The  furnace  was  of  conventional  Chrome  1 A wire-wound  design  with  taps 
along  the  side  to  allow  for  correcting  small  temperature  differences.  Furnace 
temperature  was  maintained  to  within  + 2 F by  Foxboro  controllers  in  response  to 
signals  from  the  centrally  located  thermocouple.  The  temperature  of  a specimen 
under  test  was  stabilized  for  at  least  1/2  hour  prior  to  loading. 

For  each  temperature  condition  creep  and  stress -rupture  data  were  ob- 
tained to  100  and  1000  hours  using  as  many  specimens  as  necessary  to  obtain 
precise  information.  The  percent  creep  deformation  obtained  was  dependent  on 
the  material  under  test.  In  most  instances  stress-time-  curves  were  defined  for 
0.2  and  0.5  percent  elongation. 


Stress  Corrosion 


Seven  specimens  of  each  alloy  were  tested  for  susceptibility  to  stress 
corrosion  cracking  by  alternate  immersion  in  3-1/2  percent  sodium  chloride  solu- 
tion at  room  temperature. 

Specimens  were  prepared  for  testing  by  degreasing  with  acetone.  Where 
a surface  film  remained  frit  heat  treating,  it  was  abraded  off  one  side  and  the 
adjacent  long  edge  of  five  of  the  specimens,  and  left  intact  on  the  other  two. 

Each  specimen  was  placed  in  a four-point  loading  fixture  and  deflected 
to  a stress  corresponding  to  80  percent  of  the  tensile  yield  strength  of  the 
particular  material  The  specimen  was  electrically  insulated  from  the  fixture 
by  means  of  glass  or  sapphire  rods.  Deflection  for  a given  maximum  fiber  stress 
was  calculated  by  the  following  expression: 

a(3f>,r'-4a; 

Y 1 2dF, 


whe  re 


y - deflection 

e = maximum  fiber  stress 

l •=  distance  between  outer  load  points 

a = distance  between  outer  and  inner  load  points 

d = specimen  thickness 

E = modulus  of  specimen  material. 
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Each  stressed  specimen  was  suspended  on  an  alternate  immersion  unit. 
This  unit  alternately  immersed  specimens  in  the  3.5  percent  sodium  chloride 
solution  for  ten  minutes  and  held  them  above  the  solution  to  dry  for  50  minutes. 
Tests  were  continued  to  the  first  sign  of  cracking  or  for  1000  hours,  whichever 
occurred  first. 


Specimens  were  given  frequent  low-power  microscopic  examinations  to 
detect  cracks.  At  the  first  sign  of  cracking  the  specimen  was  removed.  At  the 
conclusion  of  the  test,  selected  samples  were  sectioned  and  examined  metal - 
lographically  for  any  indication  of  cracking.  Representative  samples  in  which 
cracks  were  found  were  also  given  a metallographic  examination  to  establish  the 
type  and  extent  of  the  cracks. 


Thermal  Expansion 

i.  Linear-thermal-expansion  measurements  were  performed  in  a recording 
dilatomhter  with  specimens,  protected  by  a vacuum  of  about  2 x 10-6  mm  of  mercury. 
In  this  apparatus  a sheet-type  specimen  is  Supported  between  two  graphite  struc- 
tures inside  a tantalum-tube  heater  element.  On  heating,  the  differential  move- 
ment of  the  two  structures  caused  by  specimen  expansion  results  in  the  displace- 
ment of  the  core  of  a linear -variable  differential  transformer.  The  output  of 
the  transformer  is  recorded  continuously  as  a function  of  specimen  temperature. 
The  entire  assembly  is  enclosed  in  a Vacuum  chamber. 

The  furnace  is  controlled  to  hbat  at  the  desired  rate,  usually  5 F per 
minute.  Errors  associated  with  measurements  in  this  apparatus  are  estimated  not 
to  exceed  +2  percent.  , This  is  based  on  calibration  with  materials  of  known 
thermal-expansion  characteristics.  v"  ■■■■(,' 

Fatigue  ‘ ''  .*  . . 

Fatigue  tests  were  conducted  Using  MTS  electrohydraulic-servoccnt rolled 
testing  machines,.  The  frequency  of  cycling  of  these  machines  is  variable  to 
beyond  2,000  cpm  depending  on  specimen  rigidity.  These  machines  operate  with 
closed-loop  deflection,  strain  or  load  control.  Urtder  load  control  used  in 
this  program,  cyclic  loads  were  automatically  maintained  .(regardless  of  the 
required  amount  of  ram  travel)  by  means  of  load-cell  feedback  signals.  The 
calibration  and  alignment  of  each  machine  are  cheeked  .periodically.  In  each 
case,  the  dynamic  load-control  accuracy  is  bettet  d,hau  + 3 percent  of  the  test 
load. 

For  elevated  temperature  studies,  an  induction  heating  coil  controlled 
by  a Lapel  Induction  Heater  was  used.  A thermocouple  placed  on  the  center  of 
the  specimen  controlled  temperature  to  + 5 degrees. 

After  machining  and  heat  treating  (when  required),  the  edges  'of  all 
sheet  and  plate  specimens  were  polished  according  to  Bat telle -Columbus'  standard 
practice  prior  to  testing.  The  unnotched  specimens  were  held  against  a rotating 
drum  covered  with  emery  paper  and  polished  using  a kerosene  lubricant.  Succes- 
sively finer  grits  of  emery  paper  were  used,  as  required,  to  produce  a surface 
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of  about  10  RMS.  Unnotched  round  specimens  were  polished  in  the  Bat telle •Columbus 
polishing  apparatus.  This  machine  utilizes  a rotating  belt  sander  driven 
rectillnearly  along  the  specimen  test  section  while  the  specimen  is  being  rotated. 
The  belt  speed  and  specimen  speed  are  adjusted  so  that  polishing  marks  on  the 
specimen  are  in  the  lc.igitudinal  direction.  The  surface  finish  is  about  the  same 
as  that  on  the  flat  specimens.  The  notched  flat  specimens  were  held  in  a fixture 
and  polished  with  a slurry  of  oil  and  alundum  grit  applied  liberally  to  a rotat- 
ing wire.  Notched  round  specimens  are  polished  in  the  same  manner,  except  that 
the  specimen  is  rotated. 

A shadowgraph  optical  comparator  was  used  for  measuring  the  test  sections 
of  all  polished  specimens  and  for  inspection  of  the  root  radius  in  the  case  of 
the  notched  specimens. 

The  stress  ratio  for  all  specimens  was  R * 0.1.  Stresses  for  notched 
(Kf  ® 3.0)  and  unnotched  specimens  were  selected  so  that  S-N  curves  were  defined 
otf:*een  103  and  107  cycles  using  approximately  10  specimens  for  each  set  of  fatigue 
conditions. 


Fracture  Toughness 


Three  types  of  fracture  toughness  tests  were  used.  For  heavy  section 
materials,  the  chevron-notched,  slow  bend  test  specimen  or  the  compact  tension 
specimen  of  ASTM  Method  E-399  was  selected.  For  thinner  section  sheet  materials, 
center  through-cracked  tension  panels  were  used  as  test  specimens.  All  specimens 
were  precracked  in  fatigue  and  subsequently  fractured  in  a servocontrolled  electro- 
hydraulic  testing  system  qf  appropriate  load  capacity. 

The  slow-bend  type  specimens  were  precracked  and  tested  under  3 -point 
loading.  The  pop-in  load  for  materials  susceptible  to  brittle  fracture  was  deter- 
mined from  the  load-compliance  curve.  When  pop-in  was  not  detectable,  the  curves 
were  analyzed  using  the  5 percent  secant  offset  method  of  the  ASTM  procedure. 

The  thin  sheet  center  through-crack  tension  panels  were  initially  saw- 
cut  and  then  precracked  in  constant  amplitude  fatigue  loading.  In  order  to  main- 
tain a flat  fatigue  crack  and  not  plastically  strain  the  uncracked  section,  the 
maximum  stresses  were  adjusted  to  keep  the  applied  stress-intensity  factor  less 
than  one-third  or  one-quarter  of  that  anticipated  at  fracture.  This  usually  in- 
volved stepping  down  the  stresses  as  the  cracking  proceeded.  The  crack  was 
extended  to  approximately  one-quarter  of  the  panel  width.  Buckling  guides  were 
attached  and  a clip-type  compliance  gage  was  mounted  in  the  central  notch.  The 
panels  were  fractured  in  a rising  load  test  at  a stress  rate  in  the  range 

.002  E < S < .005  E ksi/min 

which  corresponds  nominally  to  the  gross  strain  rate  of  standard  tensile  testing. 


186 


■ ■'..*'  ' 'V 


*4  K.a**.  ; FIGURE  107.  HOUND  COMPRESSION  SPECIMEN 

FIGURE  106.  SHEET  COMPRESSION  SPECIMEN 
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FIGURE  108.  SHEET  CREEP-  AND  STRESS - 
RUPTURE  SPECIMEN 


FIGURE  109.  ROUND  CREEP  - AND  STRESS- 
RUPTURE  SPECIMEN 
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FIGURE  116.  SHEET  FRACTURE  TOUGH- 
NESS SPECIMEN 
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FIGURE  117.  SLOW  REND  FRACTURE  TOUGHNESS 
SPECIMEN 
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FIGURE  1 18.  STRESS -CORROSION  SPECIMEN  FIGURE  119.  THERMAL -EX  PANS ION 

SPECIMEN 
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FIGURE  120.  SHEET  BEND  SPECIMEN 
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FIGURE  121.  NOTCHED  IMPACT  SPECIMEN 
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MECHANICAL-PROPERTY  DATA 
7049-T7351  ALUMINUM  ALLOY 
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7049-T7351  Aluminum  Plate 


Material  Description 


Alloy  7049  was  developed  by  Kaiser  Aluminum  and  Chemical  Corporation  to 
have  a strength  level  in  too  range  of  7075-TC  and  7079-T6  coupled  with  a high 
resistance  to  stress  corrosion  cracking.  Initial  development  and  production  was 
in  the  form  of  forgings  and  hand  forgings.  Further  development  has  been  in  plates 
and  extrusions. 

The  material  evaluated  was  a 3-inch-thick  plate  supplied  by  Kaiser  with 
the  following  composition: 


Chemical 


Composition 

Percent 

Zinc 

7.6 

Magnesium 

2.5 

Copper 

1.5 

Chromium 

0.15 

Silicon 

0.25  max 

Iron 

0.35  max 

Titanium 

0. 10  max 

Manganese 

0. 20  max 

Alumi  mm 

Balance 

Processing  and  Heat  Treating 


Specimens  were  tested  in  the  as-received  -T7351  temper. 


7049 -T 7351  Alloy  Data 


Thickness : 

3-inch  plate 

Temperature,  F 

Property 

RT 

250 

3 50 

500 

Tension 

TUS  < longi  tudinnl)  , ksi 

75.5 

59.0 

45.4 

13.1 

TUS  (transverse),  ksi 

74.6 

60.8 

47.0 

17,3 

TYS  ( longitudinal ) , ksi 

66.5 

58.7 

45,  1 

14.9 

TYS  (transverse),  ksi 

64 . 7 

59.5 

46.3 

17.3 

e (longitudinal),  percent  in 

2 in. 

13.0 

18.2 

20.  2 

31.8 

e (transverse),  percent  in  2 

in. 

10.  7 

15.5 

17.3 

28.8 

RA  (longitudinal),  percent 

36.1 

53.5 

64 . 9 

86.3 

RA  (transverse),  percent 

25.6 

43.4 

54.6 

83.2 

K (longitudinal),  10;  ksi 

10.2 

9.3 

8.0 

6.0 

Lr.  'transverse),  10:  ksi 

10.4 

9 . 5 

8.4 

. 7 

Compression 

CYS  (longitudinal),  ksi 

64.1 

56 . 8 

44,4 

In.  7 

CYS  (transverse),  ksi 

69.2 

59.8 

4 7.5 

17.0 

lic  (longitudinal),  10'  ksi 

10. S 

9.4 

8. 1 

6.9 

Ec  (transverse),  10'  ksi 

(b) 

Slioar 

10,9 

9 . 7 

8.3 

7.0 

SUS  (longitudinal),  ksi 

46 . 1 

u(c) 

l 

SUS  (transverse),  ksi 

V 

r 

1 

r 

Impact 

V-notch  Charpy,  L't.lh. 

( longitudinal ) 

5.8 

V 

u 

r 

(transverse  ) 

3.3 

V 

r 

r 

Fracture  Toughness^*  ^ 

K.  (L-T),  ksi  ,rin. 
K,c  (T-L),  ksL  in . 

)4 . 0 

V 

r 

38.  1 

V 

r 

1 ‘ 

Axial  Fatigue  (transverse)*1^ 

Unnotched,  U = 0.1 

10~  cycles,  ksi 

(>> 

60 

4/ 

r 

10  cycles,  ksi 

4 4 

39 

36 

r 

10 ^ cycles,  ksi 

35 

76 

23 

r 

Notched,  l<t  = 3.0,  R = 0.  1 
10  cycles,  ksi 

r)"> 

5 3 

53 

i 

1 0!  cycles,  ksi 

1 u 

1 ? 

1 7 

r 

10  cycles,  ksi 

11 

10 

10 

F 

70-49-T785I  .Alloy  haL;i 
( Coat  inued  ) 


1 einperature  , F 


Property 

RT  2 50 

350 

500 

Creep  ( transverse  1 

U.27  plastic  deformation,  100  hr,  ksi 

NAl<  ’ 57 

I 1 

3 

0.2'  plastic  detormation,  10(H)  hr,  ksi 

NA  1 t 

7 

Stress  Rupture  (transverse) 
Rupture,  100  hr,  ksi 

NA  4 2 

18 

b 

Rupture,  1000  hr,  ksi 

NA  5 7 

12 

4 

(s ) 

Stress  Corrosion  (transverse) 

80.  TVS,  1000  hr  maximum 
Coefficient  of  Thermal  Expansion 

No  Cracks 

12.9  x 1U“  in./in./K  (70  to  21.2  I") 
Density 

0.099  lb. /in.' 


(a)  Values  are  average  of  triplicate  tests  conducted  at  Rat  to  lie  under  the  sub- 
ject contract  unless  otherwise  indicated.  i'ativuc,  creep,  and  stress- 
rupture  values  are  from  curves  generated  usln-t  the  results  of  a t^roater 
number  of  tests. 

(b)  Double-shear  pin-type  specimen;  average  of  4 tests. 

(el  l',  unavailable;  NA,  not  applicable. 

id)  Average  of  6L  and  6T  tests. 

• c 1 Specimens  were  slow-bend  type  1-inch  thick  x 2-inches  wide  with  a span  o! 

8 inches.  KT  values  are  valid  by  exist  inn  ASTN  criteria. 

1 c 

( f ) "R"  represents  the  a Ice hraie  ratio  of  minimum  stress  to  maximum  stress  in 

one  cvcle;  that  is,  II  = S . 'S  . "K"  represents  the  Neuher-Peterson 

nun  max  t 

theoretical  stress  concentration  lactor. 

i i 8-oom-tenperature  three-point  bend  test.  Alternate  immersion  in  '!  1 '2  NaC.l 
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Compressive  Strength,  ksi  ^ Elongation 


Maximum  Stress,  ksi  Maximum 


Lifetime,  cycles 


FKU'KF  4.  AXIAL  LOAD  FAT  I OFF  HKHAV  1 Oli  OF  NOTCHKI)  <K( 
7049-  17  j'31  AI.FMIWM  AI.I.OV  iMAI'F 
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JLasflOftl  617  Allay 


Material  Pescrip  Urn 


Inconel  Alloy  617  is  a solid-solution,  nickel-chromium-cobalt- 
molybdenum  alloy  with  an  exceptional  combination  of  high-temperature 
strength  and  oxidation  resistance.  It  has  excellent  resistance  to  a wide 
range  of  corrosive  environments,  and  is  readily  formed  and  welded  by 
conventional  techniques. 

The  high  nickel  and  chromium  contents  make  the  alloy  resistant  to 
a variety  of  both  reducing  and  oxidizing  media.  The  aluminum,  in  conjunction 
with  the  chromium,  provides  oxidation  resistance  at  high  temperatures.  Solid- 
solution  strengthening  is  provided  by  the  cobalt  and  molybdenum. 

The  combination  of  high  strength  and  oxidation  resistance  at  elevated 
temperatures  makes  this  alloy  an  attractive  material  for  gas-turbine  aircraft 
engines  and  other  applications  involving  exposure  to  extreme  temperatures. 

The  material  used  for  this  evaluation  was  0.047 -inch- thick  sheet 
from  heat  XX00A7US  with  the  following  composition: 


Chemical 

Composition  Percent 


Chromium  22.0 

Cobalt  12.5 

Molybdenum  9.0 

Aluminum  1.0 

Carbon  0.07 

Nickel  54.0 


Processing.  ,and.  Heat  Treating 


Specimens  were  tested  in  the  as-received  cold-rolled  and  annealed 

condition. 
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INCONEL  ALLOV 

617 

DATA(u) 

Thickness:  0. 

.047 

-inch  nominal 

Condition:  Cold- 

rolled  and  annealed 

Tenraerature 

. F ' 

Properties 

RT 

800 

1200 

1600 

Ifinalftn 

TUS  (longitudinal) , ksi 

122.4 

103.3 

83.9 

24.6 

TUS  (transverse) , ksi 

123.6 

105.7 

96.0 

24.8 

TVS  (longitudinal)  , ksi 

56.6 

41.0 

38.2 

21.7 

TVS  (transverse),  ksi 

56.5 

43.4 

39.3 

22.9 

e (longitudinal),  percent  in  2-in. 

55.5 

50. 0 

43.3 

46.0 

c ( transverse) , percent  in  2-in. 

56.2 

50.7 

46.7 

55.0 

E (longitudinal)  , 10^  ksi 

27.0 

23.6 

23.1 

17.0 

E (transverse),  103  ksi 

30.5 

24.8 

29.8 

16.6 

tattpresaiao 

CVS  (longitudinal),  ksi 

61.9 

48.9 

41.0 

30.9 

CYS  (transverse),  ksi 

61.5 

49.9 

41.6 

31.6 

Ec  (longitudinal) , 103  ksi 
Ec  (transverse),  103  ksi 

30.4 

27.9 

24.1 

20.0 

33.7 

29.7 

27.5 

24.2 

Shear(b) 

SUS  (longitudinal) , ksi 

106.6 

Utc) 

U 

U 

SOS  (transverse),  ksi 

107.6 

U 

U 

u 

Bend  (transverse) 

Minimum  Radius 

0T 

u 

11 

u 

fraclute  Toughness 

Kc,  T-L,  ksi  /Tn. 

Axial  Fatieue  ( transverse) 

(d) 

0 

u 

u 

Unnotched,  R = 0. 1 

103  cycles,  ksi 

115 

95 

88 

u 

103  cycles,  ksi 

93 

67 

67 

u 

10^  cycles,  ksi 

Notched,  ; 3.0,  R - 0.1 

103  cycles,  ksi 

67 

60 

60 

u 

0 

80 

65 

61 

11 

105  cycles,  ksi 

52 

46 

43 

u 

10^  cycles,  ksi. 

32 

36 

31 

u 

201 


INUJNliL  ALLOA  617  DATA  (Oimtinued) 


i 


I 

! 


I 


I 

! 


i'ropcrt  if  * 


Temperature.  F 

in  800  1200  1600 


<■  ceep  uransvi  rsd 

0.2  plastic  deformation,  100  hi.  ksi  NA  (f) 

0.2  p 1 il  s i i c deformation,  1000  nr,  ksi  NA  (1) 


Km  mix  jjjomaiiiLajJ 

liupture,  100  hr.  ksi 
Uupiurc , 1000  Or,  ksi 

bircss  corrosion  ( t ranst, o rsc  1* 1 ' 

80  lid,  1000  lir  maximum 

f uel  l mein  ol  llicnn.'il  L^.maioa 


7 . 

to  x 

io"(1 

in.  /in.  / i- 

( !<  1 

t o 

.'00  i 

8 . 

0 x 

)0'(> 

iu. / in. / 1 

I.UT 

TO 

1200 

6. 

! X 

ltT'* 

in. / in. /I 

t k r 

t o 

1 .'On 

lL’OlilU. 

0/102  16/ in. 


NA  103 

NA  102 


no  U 

cracks 


A3  7 

30  5 


62  14 

48  y 


U V 


al  Valin's  ar"  overdue  ot  ItTpl  lent.'  tests  conducted  at  Ualcelie  under  the  snhioet 
contract  unless  otherwise  indbntod.  i’ailcue,  creep,  and  stress-rupture  valuer, 
are  from  curves  uenoratod  uiine.  th.  results  of  a \\ renter  number  of  tests. 

(b)  Sheet  shear  type  specimen:  awrae.e  <>t  tour  tests  I;.  each  direction. 

(c)  U,  unavailable;  NA,  not  applicable. 

(d)  Specimens  were  lb-inchos  wide  by  36-lnches  Ion”  with  a saw-cut  flaw  in  the 
center.  Net  stress  at  fracture  was  greater  than  the  tensile  yield  strength 
ot  the  material,  therelure.  the  test  was  not  valid  for  K . 

(el  "U"  represents  the  nluebmic  rat  io  ef  minimum  stress  to  maximum  stress  in  one 
cycle;  that  is,  U ~ 
stress  concentration 

'ti  N-i  apprec  iahle  de  I urn-.a  t ion . 


8 i n / ■l’niax ' "l't"  represents  the  Nenher-I’eterson  theoretical 

fact;  if'. 


i. mm— t ratur”  three-point:  lend  test. 


Alternate  immersion  in  1-!  f2  NtCi, 


Strength,  ksi 


MECHANICAL-PROPERTY  DATA 
7475  ALUMINUM  ALLOY 


-T7351  PLATE 


Issued  by 


Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wrigbt-Patterson  Air  Force  Base,  Ohio 


Prepared  by 


BATTELLE 
Columbus  Laboratories 
Columbus,  Ohio  43201 


F 3361 5 73-C  5073 
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7475  Aluminum  Alloy 


Mater  i.il  Pest- r Ip  t ion 


Alloy  7475  was  developed  by  the  Alcoa  Laboratories  for  sheet  and  plate 
applications  that  require  high  strength  and  superior  fracture  toughness.  This 
product  was  previously  designated  "Alcoa  467  Process  X7475  Alloy".  The  467  Process 
is  i proprietary  process  developed  to  enhance  the  toughness  of  a high -purity  7075 
typo  alloy.  It  is  still  used  in  the  production  of  7475  sheet  and  plate. 

Alloy  7475  is  available  as  bare  and  alclad  sheet  and  plate.  The  material 
ns-»i|  in  this  evaluation  was  2 inch  thick  L re  plate  produced  within  the  following 
cr  position  limits: 


Composition 

Percent 

Silicon 

0.10  max 

Iron 

0. 12  max 

Copper 

1.2-1 .9 

Manganese 

0.06  max 

Magnes ium 

l . 9-2 . b 

Chromium 

0 . 18-0 , 25 

Zinc- 

5.2-6  2 

Titanium 

0.6  max 

Others 

0.15  total 

Aluitii  mini 

balance 

£ ! ’pressing  and  He a t_ Trea t ing 

The  alloy  was  evaluated  in  the  as -received  -T7351  temper. 
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7475-T7351  ALLOY  DATAV 


Thickness:  2 inches 


Temperature , 


Properties 

Tension 

TUS  (longitudinal),  ksi 
TUS  (transverse),  ksi 
TYS  (longitudinal),  ksi 
TYS  (transverse),  ksi 
e (longitudinal),  percent  in  2 in. 
e (transverse),  percent  in  2 in. 

RA  (longitudinal),  percent 
RA  (transverse),  percent 
E (longitudinal),  10'  ksi 
E (transverse),  10“  ksi 

Compression 

CYS  (longitudinal),  ksi 
CYS  (transverse),  ksi 
Ec  (longitudinal),  10'J  ksi 
Ec  (transverse),  10'  ksi 

Shear ^ ^ 

SUS  (longitudinal),  ksi 
SUS  (transverse),  ksi 


RT 

250 

350 

500 

72.1 

55.6 

44.7 

19.0 

73.2 

56.9 

45.3 

17.4 

62.9 

55.5 

44.6 

18.8 

62.4 

55.5 

44.9 

17.2 

18.3 

17.3 

20.5 

35.5 

15.2 

17.0 

28.2 

44.8 

47.8 

60.5 

71.6 

90.7 

35.3 

52.2 

69.8 

92.5 

10.2 

9.0 

7.8 

. 7.1 

9.8 

9.6 

7.8 

6.8 

61.0 

54.9 

46.4 

18.5 

65.5 

57.6 

48.4 

18.9 

10.6 

9.4 

8.9 

7.8 

10.5 

9.9 

9.6 

7.7 

45.7 

u(c) 

U 

U 

45.0 

V 

U 

U 

Impact 

V-notch  Charpy,  ft/lb 
( longitudinal ) 

( transverse ) 

Fracture  Toughness 
KIc,  ksi/ in. 

Axial  Fatigue  (transverse' 
Unnotched,  R = 0.1 


10“ 

cycles, 

ks  i 

63 

55 

45 

U 

10s 

cycles , 

ksi 

53 

48 

41 

U 

io7 

cycles , 

ksi 

48 

37 

27 

U 

Notched 

, Kt  = 3 

.0,  R = 0.1 

10“ 

eye les , 

ksi 

52 

50 

45 

V 

10r 

cycles, 

ks  i 

24 

20 

17 

u 

10" 

eye les , 

ks  i 

13 

11 

10 

u 

208 


iinuBiilTfiriif ' 


•>  , 


Temperature,  F 


Properties 
Creep  (transverse) 

0.27,  plastic  deformation,  100  hr,  ksi 
0.27,  plastic  deformation,  1000  hr,  ksi 

Rupture  (transverse) 

Rupture,  100  hr,  ksi 
Rupture,  1000  hr,  ksi 

( 8 ) 

Stress  Corrosion  (transverse) 


807,  TYS,  1000  hr  maximum 

Coefficient  of  Thermal  Expansion 
12.9  x 10  in. /in. /F  (68  - 212  F) 

Density 
" 0.101  lb  / in.: 


RT 

250 

350 

500 

NA 

38 

17 

4 

NA 

29 

10 

2.5 

NA. 

46 

22 

7 

NA 

41 

15 

5 

no  cracks 


(,a)  Values  arc  average  of  triplicate  tests  conducted  at.  Battelle  under  the  subject 
contract  unless  otherwise  indicated.  Fatigue,  creep,  and  stress -rupture  values 
are  from  curves  generated  using  the  results  of  a greater  number  of  tests. 

(b)  Pin-shear  tests.  Average  of  four  tests  in  each  direction. 

(c)  II,  unavailable;  NA,  not  applicable. 

(d)  Average  of  six  tests  in  each  direction. 

(e)  Specimens  were  slow-betid  type  1-inch  thick  x 2-inches  wide  with  an  8-inch  span. 
Average  Kq  obtained  was  59.8  for  L-T  specimens  and  55.3  for  T-L  specimens.  These 
values  are  considered  indicative  of  the  material  toughness,  hut  do  not  meet  the 
rigorous  size  standard  of  ASTM  8399-72  and,  therefore,  are  not  valid  Kje  values. 

(f)  "R"  represents  the  algebraic  ratio  of  minimum  stress  to  maximum  stress  In  one 
cycle;  that  Is,  R = Smin/Smax.  "Kt"  represents  the  Neuber-Peterson  theoretical 
stress  concentration  factor. 

(g)  Room-temperature  three-point  bond  test.  Alternate  immersion  in  3'..7,  NaCl. 
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Maximum  Stress,  ksi  Maximum  Stress,  ksi 


70p^si 


— — a 


250  F 


O RT  I 

30 a 250  F 

□ 350  F 


350  F 


Lifetime,  cycles 


FIGURE  3.  AXIAL  1.0AD  FATIGUE  BEHAVIOR  OF  UNNOTED ED 
7475  -T7  351  Al.l.OV  FI  A TE 


,^RT  j 

.250  F 

— i 

^350  F 


Notched 

Transverse 

R=0.l 

Kt=3.0 


l I i 


O RT  I 
A 250  F 
□ 350  F 


Lifetime,  cycles 


FIGURE  4.  AXIAL  I OAI)  FATIGUE  i'.HMAY  I ’ >R  OF  NOTCHED 
<X.  - I.Oi  747  3-T7  531  At.i.ri  P,.-VTe 
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MECHANICAL-PROPERTY  DATA 
2419  ALUMINUM  ALLOY 


V \ 1'^ 


-T851  PLATE 

,V«  V... 


■ ■.,■  n>\ 


Issued  by 


■^'■M  3 


Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 


Prepared  by 


BATTELLE 
Columbus  Laboratories 
Columbus,  Ohio  43201 


F33615-73-C-5073 
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24  1 9 A i <mi  i limn  A I I ov 


MajjtnJ_aJ  Descript  ion 


Alloy  241*1  is  a recent  dove 1 opi.icnt  of  t lie  Aluminum  Companv  of 
America.  It  is  essentially  a 2219  -alloy  with  more,  closely  controlled  co-posi- 
tion. Mcclianic.il  properties  are  the  same  as  2219  with  improved  true,  lire  tough* 
ness.  The  alloy  is  readily  weldable  and  is  useful  for  applications  at  a wide 
ningo  of  temperatures  1 rom  -.4*12  F to  about  600 -F. 

Composition  limits  Lor  2419  arc  as  shown: 


V> 


I,;-.. 

y. 


1 


■i,  .. 

K\’  ‘t 

j -A, 


Chemical 
Compos i t i on 

Si  1 icon 

1 rou 

Copper 

Manganese 

Magnesium 

Zinc 

Ti  tani  uni 
OLliers 
Al  miiinu  i 


Perce nr 

0.15  max. 

0.18  max. 

5.8  to  (i.-S 
0.20  to  0.40 
0.02  max. 

0.10  max . 

0.02  to  0. 10 
each  0 05,  t o ' a I 0. 1 5 
balance 


The  material  used  for  this  evaluation  was  a 2- i nch -thi ck  plate  from 
Alcoa  lot  number  270-841. 


Processing  and  Heat  Treatment 


The  alloy  was  evaluated  in  the  overaged  and  stress-relieved  -T85I 


temper , 
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2419-T85 i Alloy  Uata 

Condition:  -T851 

Thickness:  . 2-inch  plate 


Proper t ies 


Tension 

TUS  ( longitudinal ) , ksi 
TUS  (transverse),  ksi 
TVS  (longitudinal),  ksi 
TYS  (transverse),  ksi 
e (longitudinal),  percent  in  2 it*, 
e (transverse),  percent  in  2 in. 

KA  (longitudinal),  percent 
RA  (transverse),  percent 
E (longitudinal),  10'’  ksi 
E (transverse),  10'’  ksi 

Compression 

(,’YS  (longitudinal),  ksi 
CYS  (transverse),  ksi 
Ec  (longitudinal),  10  Vsi 
Et,  (transverse),  1 Q*  ksi 

Shear 

SUS  ( 1 ongi tudinal ) , ksi 
SUS  (transverse),  ksi 

Impact 

V-notch  Charpv,  ft -lb 
( long! tudinal ) 


Temper at 

tire,  F 

RT 

250 

350 

500 

bb . 7 

55.4 

45.5 

22.7 

66 . 4 

54.9 

44 . 5 

23.  1 

52.4 

4 b . 8 

41.4 

20.9 

52.1 

45.0 

39.7 

21.7 

11.0 

15.0 

14.5 

18,0 

10.7 

13.2 

14.8 

18.0 

23.6 

37.9 

48.4 

53.2 

18.1 

33.9 

4b.  2 

51.6 

10.4 

10.4 

9.  1 

7.4 

10.8 

9.5 

9.5 

9.  1 

53.3 

47.8 

42.2 

25.3 

51.7 

46 . 9 

41,7 

23.5 

10.8 

10,5 

10.0 

4,3 

10.7 

10.4 

9.8 

9.0 

39.4 

r 

l' 

l’ 

39.5 

!! 

U 

l' 

5.5 


(transverse) 

4.3 

U 

u 

0 

! Fracture  Toughness 

KIc  (L-T),  ksi  'in. 

35.3 

U 

u 

1J 

KIc  (T-n),  kst^in. 
Axial  Fatigue  (transverse) 

' 

30.2 

U 

u 

U 

Unnot ched , R = 0.1 

10'’  cycles,  ksi 

6b 

55 

.5 

i 

10  cycles,  ksi 

4? 

42 

39 

r 

107  cvcles,  ksi 

3 b 

30 

2 b 

r 

Notched,  Kt  » 3.0,  R = 0.1 

t 10'  cycles,  ksi 

50 

48 

» “> 

F 

l‘  10  cvcler,  ksi 

14 

17 

17 

i 

t.  10’  cvcles,  ksi 

11 

10 

10 

r 
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2419-T851  Alloy  Data  (Continued) 


Properties 


Creep  (transverse' 


Temperature,  F 
250  350 


0.27,  plastic  deformation,  J00  hr,  ksi 
0.2%  plastic  deformation,  1000  hr,  ksi 

Stress  Rupture  (transverse) 


Rupture,  100  hr,  ksi 
Rupture,  1000  hr,  ksi 

(o) 

Stress  Corrosion  (transverse) 

80%  TYS,  1000  hr  maximum 
Coefficient  of  Thermal  Expansion 

12.4  x 10*  in./in./F  (70  to  212  F) 


No  cracks 


Density 


0.102  lb/ in.® 


(a)  Values  are  average  of  triplicate  tests  conducted  at  Battel le  under  the 
subject  contract  unless  otherwise  indicated.  Fatigue,  creep,  and  stress- 
rupture  values  are  from  curves  generated  using  the  results  of  a greater 
number  of  tests. 

(b)  Double-shear  pin-type  specimen;  average  of  4 tests  in  each  direction. 

(c)  U,  unavailable;  NA,  not  applicable. 

(d)  Average  of  6 tests  in  each  direction. 

(e)  Specimens  were  slow-bend  type  1-inch  thick  by  2-inches  wide  with  a span  of  8 
inches.  KIc  values  are  valid  by  existing  ASTM  criteria. 

(£)  "R"  represents  the  albebraic  ratio  of  minimum  stress  to  maximum  stress  in  one 

cycle;  that  is,  R * smin/smax*  "K(."  represents  the  Neuber-Peterson  theoreti- 
cal stress  concentration  factor. 

(g)  Room- temperature  three-point  bend  test.  Alternate  immersion  in  3’j%  NaCl . 


216 


O TUS  (U 
A TUS  (T) 
□ TYS  (L) 
O TYS  (T) 


O e (L) 
A e nr) 


□ E(L) 
O E (T) 


Temperature,  F 


FIGURE  1.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE 
PROPERTIES  OF  2419-T85I  ALLOY  PLATE 


O CYS  (L) 

A CYS  <T) 

□ EC(L) 

O Ec  (T) 

200  300 

Temperature,  F 


FIGURE  2.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 
PROPERTIES  OF  2419-T851  ALLOY  PLATE 


Maximum  Stress,  ksi  Maximum 


MECHANICAL-PROPERTY  DATA 
Ti-6AI-2Zr-2Sn-2Mo-2Cr  ALLOY 


DUPLEX  ANNEALED  FORGED  BILLET 

Issued  by 


Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 


Prepared  by 

BATTELLE 
Columbus  Laboratories 
Columbus,  Ohio  43201 

F33615-73-C-5073 
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Ti-6Al-2Zr-2Sn-2Mo-2Cr  Alloy 

Material  Description 


This  alpha-beta  alloy,  designed  for  deep  hardenabil ity , is  a recent 
development  of  RMI  Company.  Preliminary  information  shows  the  material  also 
to  have  low  density,  high  modulus,  high  toughness,  and  good  producibil ity . 
Strength  retention  to  800  F is  good. 

The  material  used  for  this  evaluation  was  a 4-inch  x 6-inch  forged 
billet  from  RMI  ingot  number  890180  which  had  the  following  chemistry: 

Clement  Percent 


A1 

5.8 

Sn 

2.1 

Zr 

1.8 

Mo 

2.0 

Cr 

1.9 

Si 

0.21 

Fe 

0.06 

c 

0.02 

V 

0.02 

Ti 

balance 

Additional  information  on  this  alloy  is  available  from  work  performed 
by  RMI  Company  under  Air  Force  Contract  F3361 5-72 -C- 1152. 


Processing  and  Heat  Treating 

The  billet  was  heat-treated  to  the  duplex-annealed  condition  by  RMI 
Company  using  the  following  procedure:  1745  F,  1 hour,  air  cool  to  1560  F 

and  water  quench;  plus  1000  F for  8 hours  and  air  cool.  Specimens  received 
no  further  heat-treatment  before  testing. 
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Ti-6Al-2Zr-2Sn-2Mo-2Cr  ALLOY  DATA(a^ 

Condition;  duplex  annea led 

Thickness:  4 inch  x 6 inch  forged  billet 


Temperature,  !• 

Properties  RT  400  600  ‘ 80iT' 


lens  Ion 

TUS  (longitudinal ) , ksi 
TUS  (transverse),  ksi 
TVS  (longitudinal),  ksi 
TVS  (transverse),  ksi 
o (longitudinal) , percent  in  2 in. 
e (transverse),  percent  in  2 in. 

RA  (longitudinal),  percent 
RA  (transverse),  percent 
ii  (longitudinal),  10  ksi 
ii  (transverse',  lO-'  ksi 

Compression 

CYS  (1 ongttudinal ) , ksi 
CYS  (transverse),  ksi 
Lc  (longitudinal),  10’  ksi 
Kc  (transverse),  !(/'  ksi 

c ■!»> 

Shear 

SUS  (longitudinal),  ksi 
M'S  (transverse).  1(3  1 

, (d ) 

Impact 

V-notch  Charpy,  ft.  lbs. 
i,  longitudinal ) 

( transverse ) 

■ , (e ) 

t nn' turn  Toughness 

K | r , L-T,  edge,  ksi ''in. 

Kfc,  L-T,  center,  ksirin. 

K^c,  ST-L,  center,  ksi  An. 

(f ) 

Axial  Fatigue  (transverse! 

Unnotched,  R-0.1 
10'  cycles,  ksi 
10''  cycles,  ksi 
10  cycles , ksi 

Notched,  Kt=3.0,  K=0.l 
l(j’  cycles,  "ksi 
l(f  cycles,  ksi 
10  cycles,  ksi 


158.4 

! 

13  7.3 

139,8 

166,0 

145.5 

132.1 

132.9 

J 43. 9 

111.0 

102.5 

102.0 

150.4 

U .4 

100.6 

93.8 

15.3 

1 6 . 3 

15.3 

lb.  5 

13.7 

14.0 

16.0 

1 S . 3 

36.0 

4 7.6 

36.0 

47.? 

36.7 

48.1 

40.  3 

48.8 

15.6 

14.7 

14,5 

13.4 

15.8 

13.9 

14.8 

13.4 

149.4 

116.2 

1 06 . 4 

0 /.  1 

154,6 

122,2 

1 J/.5 

107.  1 

16.1 

1 .. ; 

14,3 

! !.  ’ 

1 6 . 1 

lr.  .3 

14.8 

13.4 

102.8 
10  3.  , 

, c) 
l 

C 

r 

V 

V 

14.9 

U 

U 

l 

14.9 

U 

f 

V 

45.1 

l’ 

U 

u 

51 .8 

U 

r 

r 

62.0 

U 

u 

i 

164 

144 

134 

U 

L30 

112 

106 

u 

76 

76 

76 

V 

110 

100 

92 

V 

50 

46 

46 

V 

40 

40 

40 

V 
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Ti-6Al-2Zr-2Sn-2Mo-2Cr  ALLOY  DATA 
(Continued! 


Properties 


Droo p (transverse) 

0.2’'  plastic  deformation,  100  hr,,  ksi 
0.2‘A  plastic  deformation,  1000  hr.,  ksi 

S t ress  - ID inture  ( transverse) 

Rupture,  100  hr.,  ksi 
Rupture,  1000  in’.,  ksi 

Stress  Corrosion  ( transverse^ 


Tempera tun 

F 

UT 

400 

h 00 

800 

NA 

107 

96 

70 

NA 

102 

70 

44 

NA 

133.5 

l 29 

121 

HA 

133 

1 28 . 5 

113 

no  cracks 


Coefficient  of  Thermal  expansion 
5.1  x 10"  in',  / in. 7c  (b8  to  ~800  F) 


lens!  tv 

0.105  Id. /in. 


■ a 5 Values  *ro  average  of  tripl  ic  '.to  tests  conducted  :»t  ,ia*’toilc  under  flic 

siik | erf  contract  unless  otherwise  indicated.  Fatluie,  creep,  and  s tress - 
ruplunv  vjlu"s  arc  from  curves  gone ra feu  using  ti>o  results)  ot  a greater 
number  of  teste. 

(hi  : muhle-shear  pin-type  spe.-imor:;  n'’.>rae.e  •'>'  4 t • * r : in  each  <!  i e f I on  . 

(e'  0,  unavaj.  I ah  le  : NA,  net  applicable. 

Ah  Average  of  C test;,  in  each  direction. 


(q)  Values  shown  are-  f r n-i  valid  testa  at  KM!  Company.  hat  to  lie  tests  were 
considered  marginally  valid  and  are  not  reported,  even  though  they 
generally  agreed  with  the  R.'1!  results. 


m 


"R"  represents  t!ie  algebraic  ratio  ot  minimum  stress 
in  one  cycle;  that  is,  K--Sn;jn  "Ft"  represents 
thonr-tical  stress  concent  rati  on  factor. 


to  maximum  .stress 
the  Ne(cbor-,’eters  hi 


i ..)  Room-temperature  fchn-  >-pn ) test. 


Mfornate  imm’rsien  in  ' 1 MaCl  • 
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Elongation, 

Compressive  Strength,  ksi  percent  Tensile  Strength,  ksi 


l0l I 1 L U 5 

0 200  400  600  800  1000 

Temperature,  F 


FIGURE  1.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  DUPLEX  ANNEALED  Ti-6Al-2Zr-2Sn-2Mo-2Cr 
FORCED  BILLET 


Temperature,  F 


A- 1634 


FIGURE  2. 


EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 
PROPERTIES  OF  DUPLEX  ANNEALED  Ti-6Al-2Zr 
2Sn-2Mo-2Cr  FORCED  BILLET 
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j 
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10  ksi 


Maximum  Stress,  ksi  Maximum  Stress,  ksi 


FIGURE  3.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  UNNOTCHED  DUPLEX 
ANNEALED  TU6AU22r-2Sn-2Mo-2Cr  FORGED  MILLET 
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FIGURE  4.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED  (Kt  = 3. O') 

DUPLEX  ANNEALED  Ti-6Al-22r-2Sn-2Mo-2Cr  FORGED  BILLET 
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MECHAN!CA^-l»|OP£RTY  DATA 
6Al-2Cb-ITa-IMo  TITANIUM  ALLOY 


ANNEALED  PLATE 


'. . S'. , ‘ ’•  , ’..  ;v 


Issued  by 


(.  Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 


Prepared  by 


BATTELLE 
Columbus  Laboratories 
Columbus,  Ohio  43201 

F33615-73-C-5073 
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Tt-6Al-2Cb-lTa-lMo  Alloy 

Material  Description 

6Al-2Cb-lTa-lMo  titanium  alloy  is  a modification  by  RMI  Company  of  the 
. 'fi-7Al-2Cb-lTa  composition.  The  modification  was  developed  specifically  for  salt- 
water stress -corrosion  resistance.  The  alloy  is  of  medium  strength  and  is  forge- 
able and  weldable.  It  is  generally  used  in  the  annealed  condition.  Some  increase 
in  strength  can  be  obtained  by  solution  treating  and  aging,  but  at  a sacrifice  in 
ductility  and  toughness. 

Ti-6Al-2Cb-*lTa-lMo  is  available  as  billet,  bar,  plate,  sheet,  and  wire. 
It  is  normally  processed  in  the  beta  phase  region. 

The  material  evaluated  was  a 1^ -inch -thick  plate  from  RMI  ingot  number 
294447  with  the  following  composition: 

Chemical 
Composition 

Carbon 
Nitrogen 
Iron 

Aluminum 
Columbium 
Tantalum 
Molybdenum 
Oxygen 
Titanium 


Percent 

.02 

.006 

.07 

6.0 

1.9 

.93 

.77 

.080 

Balance 


Processing  and  Heat  Treating 

The  material  was  evaluated  in  the  as -received,  beta  processed  and  annealed 
(1825  F,  1 hour,  air  cooled)  condition. 


Ti-6Al-2Cb-lTa-li'lo  Alloy  L>ata<aJ 

Condition:  Annealed 

Thickness:  1-^ -inch  plate 


Properties 

RT 

Temperature.  F 
400  600 

800 

Tension 

TUS  (longitudinal),  ksi 

117.6 

87.8 

80.2 

74.0 

TUS  (transverse),  ksi 

119.3 

89.0 

80.5 

75.2 

TYS  (longitudinal),  ksi 

102.1 

64.5 

58.0 

52.4 

TYS  (transverse),  ksi 

103.7 

65.8 

56.1 

55.4 

e (longitudinal),  percent  in  2 in. 

18.3 

18.3 

19.6 

19.7 

e (transverse),  percent  in  2 in. 

17.3 

17.3 

18.0 

17.3 

RA  (longitudinal),  percent 

33.8 

42.6 

51.7 

50.3 

RA  (transverse),  percent 

32.9 

42.6 

47.2 

49.0 

E (longitudinal),  10  ksi 

17.0 

16.0 

14.0 

12.8 

E (transverse),  Id'  ksi 

17.0 

17.4 

14.8 

14.4 

Conmression 

CYS  (longitudinal),  ksi 

Li'-'  4 3 

74.2 

60.8 

55.2 

CYS  (transverse),  ksi 

111.9 

77.4 

63.2 

58.3 

Ec  (longitudinal),  10'  ksi 

17.6 

15.9 

15.0 

13.7 

Ec  (transverse),  10^  ksi 

17.5 

15.6 

14.9 

13.9 

(bl 

Shear 

SUS  (longitudinal),  ksi 

83.7 

u(c) 

U 

U 

SUS  (transverse),  ksi 

83.8 

U 

u 

U 

Impact  ^ ^ 

V-notch  Charpy,  ft/lb 

(longitudinal ) 

38.5 

u 

u 

u 

(transverse) 

33.8 

u 

u 

u 

Fracture  Toughness 

Kjc,  ksi  / in. 

(e  ) 

u 

u 

u 

Axial  Fatigue  ( transverse )*■ 
Unnotched,  R - 0.1 

10’  cycles,  ksi 

115 

90 

80 

u 

10b  cycles,  ksi 

97 

78 

74 

u 

10'  cycles,  ksi 

68 

57 

54 

V 
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Ti-6Al-2ub-lTa.-l,'io  Alloy  Data  (continued) 


Temperature,  F 


Properties 

RT  . 

400 

600 

800 

Notched,  Kt  •>'  3.0,  K * 0.1 
10'  cycles,  ksi 

90 

83 

80 

U 

10b  cycles,  ksi 

49 

45 

40 

l) 

10  cycles,  ksi 

28 

26 

25 

u 

Creep  ( transverse ) 

0.2'/,  plastic  deformation,  100  hr,  ksi 

NA(’' 

67 

1- 

73 

61 

0.2%  plastic  deformation,  1000  hr,  ksi 

NA 

66 

72 

; . 52 

.Stress  Rupture  (transverse) 

Rupture,  100  hr,  ksi 

NA 

88 

81 

73 

Rupture,  1000  hr,  ksi 

;NA 

87 

80 

72 

(if) 

St  less  Corrosion 

807.  TYS,  1000  hr  maximum 
Coefficient  of  Thermal  Expansion 
3.2  x 10'  ' in./ir»./F(RT  to  1200  F) 
Density 

0. 162  lb/in. ’* 

No  cracks 

- 

(j)  Values  are  average  oi  triplicate  touts  conducted  at  Battelle  under  the  subject 
contract  unless  otherwise  indicated.  Fatigue,  creep,  and  stress-rupture 
values  are  from  curves  generated  using  the  results  of  a greater  number  of 
tests . 

(b)  Double-shear  pin-type  specimen;  average  of  four  tests. 

(c ) U,  unavailable;  NA,  riot  applicable. 

(d)  Average  of  six  tests  in  each  direction,. 

re. ) Specimens  were  slow -bend  type  1-inch  thick  x 2-inches  wide  with  a span  of  8 
inches.  Tests  did  not  meet  the  size  standard  of  ASTM  E399-72.  From  this 
specification,  the  specimen  strength  ratios  (Rsb)  were  calculated.  These 
averaged  2.18  for  L-T  specimens  and  1.82  for  T-L  specimens. 

( i 1 "K"  represents  the  algebraic  ratio  of  minimum  stress  to  maximum  stress  in  one 

cycle,  that  is,  K 1 ^min/^max*  "Kc"  represents  the  Neuber-Peterson  theoreti- 
cal stress  concentration  factor. 

<g'i  Koui;,  temperature  thief-point  bend  test.  Alternate  immersion  in  3'./  NaCl. 
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Compressive  Strength,  ksi  Elongation,  percent  Tensile  Strength,  ksi 


N® 


■O  CYS  (L) 
A CYS  (T) 
-O  E (L)i — 
□ E (T) 


Temperature,  F 


A- 1 562 


FIGURE  2.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  PROPERTIES 
OF  ANNEALED  Ti-6Al-2Cb-lTa-lMo  ALLOY  PLATE 


"AWM 


Modulus,  Ec>  K)  ksi  Modulus,  E,  10  ksi 


Maximum  Stress,  ksi  Maximum  Stress,  ksi 


Notched 
Transverse 
R=O.I 
Kt=3.0 
Freq.=25  Hz  I 


'400  F 


O RT 
A 400  F 
□ 600  F 


600  F 
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FIGURE  4.  AXIAL  LOAD  FATIGUE  BEHAVIOR  OF  NOTCHED  (Kf  *=  3.0) 
ANNEALED  Ti-6Al-2Cb-ITa-lMo  ALLOY  PLATE 


Time,  hours  a-is*s 


FIGURE  5.  STRESS -RUPTURE  AND  PLASTIC 

DEFORMATION  CURVES  FOR  ANNEALED 
Ti-6Al-2Cb-lTa-lMo  ALLOY  PLATE 
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MECHANICAL-PROPERTY  DATA 
Ti-6AI-4V  ALLOY 


BETA-ANNEALED  PLATE 


Issued  by 


Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base.  Ohio 


i. 

I 


I 

1 Prepared  by 


BATTELLE 
Columbus  Laboratories 
Columbus.  Ohio  43201 


Material  Description 

Ti-6A1-4V  is  one  of  the  most  used  titanium  allov  and  thus  needs  no 
descriptive  words . It  is  used  in  great  quantities  and  in  various  product  forms 
for  aerospace  and  other  applications.  The  0. 57-inch-thick  plate  used  for  this 
evaluation  was  GFM  from  material  produced  for  Boeing  to  their  low  oxygen  specifics 
tlon. 


Processing  and  Heat  Treating 


£ 


I 


The  material  was  tested  in  the  as-received,  beta-annealed  condition. 
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Ti-6A1-4V  ALLOY  DATA(a) 

Condition:  Beta  annealed 

Thickness:  0.57  plate 


Temperature,  F 

Properties 

RT 

400  600 

800 

Tension 


TUS 

(longitudinal),  ksi 

135.8 

103.3 

92.5 

83.0 

TUS 

(transverse),  ksi 

136.0 

103.7 

92.7 

82.5 

TYS 

(longitudinal),  ksi 

127.7 

86. 1 

72.1 

65.6 

TYS 

(transverse),  ksi 

126.7 

85.6 

71.5 

64.1 

e 

(longitudinal),  percent  in  2 in. 

12.2 

16.0 

15.0 

20.7 

e 

(transverse),  percent  in  2 in. 

12.0 

15.7 

14.3 

18.3 

RA 

(longitudinal),  percent 

20.9 

34.4 

35.1 

48.8 

RA 

(transverse),  percent 

27.4 

32.2 

34.3 

45.0 

E 

(longitudinal),  10n  ksi 

17.5 

16.1 

15.9 

13.2 

E 

(transverse),  10s  ksi 

16.9 

16.5 

15.3 

13.9 

Compression 


CYS  (longitudinal),  ksi 

132.4 

89.5 

73.5 

68.3 

CYS  (transverse),  ksi 

134.8 

91.4 

76.6 

69.9 

Ec  (longitudinal),  103  ksi 

17.1 

15.8 

14.8 

14.0 

Ec  (transverse),  103  ksi 

17.5 

15.4 

15.1 

14.0 

Shear^ 

u(c) 

SUS  (longitudinal),  ksi 

90.6 

U 

U 

SUS  (transverse),  ksi 

89.9 

U 

U 

U 

(d) 

Impact v 

V-notch  Charpy,  ft. lbs. 

( longitudinal) 

23.6 

u 

0 

U 

(transverse) 

23.2 

1! 

U 

U 

Fracture  Toughness 

(e) 

(f ) 

Axial  Fatigue  (transverse) 


Unnotched,  R = 0.1 

10  cycles,  ksi 

i.26 

102 

92 

U 

10r  cycles,  ksi 

112 

85 

78 

u 

10"  cycles,  ksi 

92 

77 

70 

u 

Notched,  K.  = 3.0,  R = 0.1 

103  cycles,  ksi 

110 

92 

80 

u 

10s  cycles,  ksi 

53 

44 

43 

u 

107  cycles,  ksi 

35 

35 

35 

u 
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Ti-6A1-4V  ALLOY  DATA 
(Cont inued) 


Temperature,  F 


Properties 

RT 

400 

600 

800 

Creep  (transverse) 

0.27.  plastic  deformation, 

100  hr . , ksi 

NA 

82 

88 

46 

0.2%  plastic  deformation, 

1000  hr . , ksi 

NA 

81 

84 

30 

Stress  Rupture  ( transverse) 

Rupture,  100  hr.,  ksi 

NA 

102.5 

92 

82 

Rupture,  1000  hr.,  ksi 

NA 

102 

91.5 

70 

( K ) 

Stress  Corrosion  (transverse) 

807,  TYS,  1000  hr.,  maximum  no  cracks 


Coefficient  of  Thermal  Expansion 
5.0  x 10-'  in./in./F  (RT  to  800  F) 

Density 

0.160  lb. /in.'* 


(a)  Values  are  average  of  triplicate  tests  conducted  at  bat  telle  under  the 
subject  contract  unless  otherwise  indicated.  Fatigue,  creep,  and  stress- 
rupture  values  are  from  curves  generated  using  the  results  of  a greater 
number  of  tests. 

(b)  Double-shear  pin-type  specimen;  average  of  4 tests  in  each  direction. 

(c)  U,  unavailable;  NA,  not  applicable. 

(d)  Average  of  6 tests  in  each  direction. 

(e)  Specimens  were  compact  tension  type.  Tests  did  meet  the  P require- 

ment but  not  the  size  requirement  of  E399-72.  Specimen  strength  ratios 
(R  ) were  calculated  and  are  1.28  for  L-T  specimens;  1.32  for  I'-l. 
specimens . 

(f)  "R"  represents  the  algebraic  ratio  of  minimum  stress  to  maximum  stress  in 
one  cycle;  that  is,  R = Sm£n/Smax.  "Kt"  represents  the  Neuber-Pe ' erson 
Theoretical  stress  concentration  factor. 

(g)  Room- temperature  three-point  bend  test.  Alternate  immersion  in  3'/,  NaCl. 
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Stress,  ksi 


nC.l'KE  5.  STRESS-IU'P  1‘1'KK  A P A - . 1 1:  REFORMAT I OX 
CURVES  FOR  BETA-ANNEALED  Ti-oAl-4V 
ALLOY  PLATE  (TRANSVERSE) 
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MECHANICAL-PROPERTY  DATA 
Ti-6AI-4V  ALLOY 


ISOTHERMAL  FORGING 
issued  by 


Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 


Prepared  by 

BATTELLE 
Columbus  Laboratories 
Columbus,  Ohio  43201 

F33615  73-C-5073 


Ti-6A1-4V  Isothermal  Forging 


Material  Description 

Application  of  the  isothermal  forging  concept  to  titanium  alloys  hat. 
been  investigated  on  a laboratory  scale  for  many  years.  The  material  evaluated 
on  this  program  came  from  an  Air  Force  sponsored  program  (F33615-71-C-1264)  at 
the  Ladish  Company.  The  specific  goal  was  to  develop  isothermal  forging 
technology  as  a process  that  will  yield  titanium  airframe  parts  having  surfaces 
which  are  “net",  or  which  require  no  past-forging  machining.  The  results  of 
this  program  have  been  published  in  AFML-TR-74-123  from  which  additional 
information  regarding  this  material  may  be  obtained. 


Processing  and  Heat  Treating 

The  stabilizer  rib  from  which  the  specimens  were  machined  was  of 
Varying  tnickness  and  complex  shape.  All  specimens  were  sectioned  from  the 
forging  in  the  transverse  direction.  Specimens  were  tested  in  the  as-received 
(annealed)  condition. 
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T1-6A1-4V  Alloy  Data(a) 

Condition:  Isothermally  Forged 

and  Annealed 
Thickness:  Various 


Temperature 

, F 

Properties 

RT 

400 

600 

800 

Tension 

TUS  (transverse),  ksi 

143.9 

110.5 

99.8 

87.4 

TYS  (transverse),  ksi 

136.3 

102.2 

93.4 

78.3 

e (transverse),  percent  in  1 in. 

17.0 

17.5 

18.5 

21.5 

RA  (transverse),  percent 

45.7 

47.7 

54.1 

62.3 

E (transverse),  103  k3i 

16.4 

15.2 

14.5 

12.9 

Compression 

CYS  (transverse),  ksi 

135.9 

101.4 

93.2 

79.6 

Ec  (transverse),  1CT3  ksi 

16.5 

lj.4 

13.9 

12.9 

Shear 

u<“> 

SUS  (transverse),  ksi 

97.2  . 

U 

U 

Impact 

V-notch  Charpy,  it. lbs. 
(transverse) 

16.9(d) 

u 

u 

u 

Fracture  Toughness 
KIc,  ksi  / in. 

59.0(e) 

u 

u 

u 

Axial  Fatigue  (transverse) ^ 
Unnotched,  R ■ 0.1 

10^  cycles,  ksi 

135 

110 

95 

u 

106  cycles,  ksi 

128 

105 

89 

u 

107  cycles,  ksi 

75 

80 

73 

u 

Notched 

103  cycles,  ksi 

65 

65 

65 

u 

l(f  cycles,  ksi 

46 

50 

43 

u 

10'  cycles,  ksi 

31 

28 

35 

l! 
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T1-6A1-4V  Alloy  Data  (Continued) 


Properties 

RT 

Temperature, 

400 

F 

600 

800 

Creep  (Transverse) 

■ 

0.27.  plastic  deformation. 

100  hr,  ksi 

NA 

98 

74 

21 

0.2%  plastic  deformation, 

1000  hr,  ksi 

NA 

96 

70 

11 

Stress  Rupture  (transverse) 

Rupture,  100  hr,  ksi 

NA 

112 

102 

101 

Rupture,  1000  hr,  ksi 

NA 

111 

101 

57 

Stress  Corrosion  (transverse)^ 
80%  TYS , 1000  hr,  maximum 


- sHswiw  m % 


Coefficient  of  Thermal  Expansion  { 

5.0  x Wa  in./in./F  (RT  to  S()0  F) 

Density 

’ 0.160  lb. /in.3 


(a)  Values  are  average  of  triplicate  tests  conducted  at  Battelle  under  the 
subject  contract  unless  otherwise  indicated.  Fatigue,  creep,  and  stress- 
rupture  values  are  from  curves  generated  using  the  results  of  a greater 
number  of  tests. 

(b)  Double-shear  pin-type  specimen;  average  of  4 tests. 

(c)  U,  unavailable;  NA,  not  applicable, 

(d)  Average  of  6 tests. 

(e)  Compact  tension  type  specimen. 

(f)  "R”  represents  the  algebraic  ratio  of  minimum  stress  to  maximum  stress 
in  one  cycle;  that  is,  R * Smin/Smax.  "Kt"  represents  the  Neuber- 
Peterson  theoretical  stress  concentration  factor. 


(g)  Room-temperature  three-point  bend  test.  Alternate  immersion  in  3 1/2%  NaCl, 
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T1-6A1-4V  Alloy  Castings 


& 


Material  Description 


T1-6A1-4V  castings  have  been  utilized  in  airframe  construction  for  a 
number  of  years,  primarily  in  simple  shapes  and  in  unstressed  or  low  stress 
areas.  Recently,  more  complex  shapes  have  been  used  as  confidence  in  casting 
properties  has  increased.  One  of  the  primary  reasons  is  that  parts  can  be 
cast  to  a finished  or  near-finished  shape  instead  of  being  machined  to  size: 
from  a large  forging  or  thick  plate. 

The  material  used  for  this  evaluation  was  cast,  wedge  shaped,  plates 
approximately  5 inches  by  6 1/2  inches  and  tapering  from  about  1 inch  to  1/2 
inch.  The  material  was  from  TiTech  International  casting  Heat  Number  6-4  2119 
and  had  the  following  composition: 


Chemical  Composition  Percent 


Carbon 

Oxygen 

Hydrogen 

Nitrogen 

Aluminum 

Vanadium 

Iron 

Titanium 


.028 

.18 

.0027 

.015 

5.90 

3.90 

.10 

Balance  . 


Processing  and  Heat  Treating 


The  specimens  were  all  machined  in  one  direction  from  the  cast 
plates  described  above.  The  material  was  received  in  the  annealed  condition 
and  no  further  heat  treating  was  done. 
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T1-6A1-4V  Alloy  Casting  Data^ 

Condition:  Annealed 

Thickness:  0.5  to  1 inch 


Properties 


Tension 

TUS  (longitudinal),  ksi 
TYS  (longitudinal),  ksi 
e (longitudinal),  percent  in  1 in. 
RA  (longitudinal),  percent 
E (longitudinal),  103  ksi 

Compression 

CYS  (longitudinal),  ksi 

(longitudinal),  103  ksi 

Shear 

SUS  (longitudinal),  ksi 
Impact 

V-notch  Charpy,  ft. lbs. 
(longitudinal) 

Fracture  Toughness 

Axial  Fatigue  (longitudinal)^ * ^ 
Unnotched,  R * 0. 1 
103  cycles,  ksi 

106  cycles,  ksi 

107  cycles,  ksi 

Notched,  Kt  = 3.0,  R = 0.1 
103  cycles,  ksi 
10B  cycles,  ksi 
107  cycles,  ksi 


Temperature 

. F 

RT 

400 

600 

800 

137.8 

100.8 

84.8 

77.5 

130.4 

88.2 

69.8 

63.8 

6.5 

10.2 

12.0 

1.2.0 

11.2 

19.0 

24.3 

28.4 

17.2 

16.8 

15.2 

15.1 

137.5 

92.9 

74.6 

67.5 

16.5 

15.6 

14.9 

13.5 

92.8(b) 

u(c) 

U 

U 

16.2(d) 

U 

U 

u 

<c) 

II 

U 

II 

130 

130 

84 

U 

70 

63 

60 

U 

44 

39 

37 

u 

90 

82 

76 

Ll 

58 

49 

44 

U 

41 

29 

27 

U 

a**--  ■ g-iiUteX i ^4.  -X* ^ .’ 


f 

1 

f, 

S 


Ti-6Ai-4V  Alloy  Casting  Data  (Continued) 


Temperature,  V 


Properties 

RT 

400 

600 

800 

Creep  (longitudinal) 

0.27.  plastic  deformation,  100  hr,  Rsi 

NA 

77 

81 

4b 

0.27.  plastic  deformation,  1000  hr,  ksi 

NA 

76 

77 

25 

Stress  Ruoture  (longitudinal) 
Rupture,  100  hr,  ksi 

NA 

88 

82 

72 

Rupture,  1000  hr,  ksi 

NA 

87 

81 

69 

Stress  Corrosion  (longitudinal)'6 
807.  TYS,  1000  hr,  maximum 

no  cracks 

Coefficient  of  Thermal  Expansion 
5.0  x 10“A  in./in./F  (RT  to  800  F) 


Density 

0.160  lb. /in/ 


(a)  Values  are  average  of  triplicate  tests  conducted  at  Battelle  under  the 
subject  contract  unless  otherwise  indicated.  Fatigue,  creep,  and  stress 
rupture  values  are  from  curves  generated  using  the  results  of  a greater 
number  of  tests. 

(b)  Double-shear  pin-type  specimen;  average  of  4 tests. 

(c)  U,  unavailable;  NA,  not  applicable. 


(d)  Average  of  b tests. 


(e)  Material  thickness  was  not  sufficient  for  valid  test  results. 


(f)  "R"  represents  the  algebraic  ratio  of  minimum  stress  to  maximum  stress 

in  one  cycle;  that  is,  R = ^niin^max*  "Kt"  r‘ePreserit-s  the  Neuber- 
Peterson  theoretical  stress  concentration  factor. 


(g)  Room- temperature  three-point  bend  test.  Alternate  immersion  in  3V7.  NaCl 
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Incoloy  903  Alloy 


Material  Description 

Incoloy  alloy  903  is  a precipitation-hardenable  nickel-iron-cobalt 
alloy  whose  outstanding  characteristics  are  a constant  low  coefficient  of 
thermal  expansion,  a constant  modulus  of  elasticity,  and  high  strength.  Be- 
cause the  alloy  contains  no  chromium,  oxidation  resistance  may  become  a 
consideration  for  some  high  temperature  applications. 

The  material  used  for  this  evaluation  was  a .0635-inch-thick  sheet 
from  Huntington  Alloys  Heat  No.  HH25A9UK  with  the  following  composition: 

Chemical  Composition  Percent 


Carbon 

0.03 

Manganese 

0.16 

Iron 

40.92 

Sulfur 

0.004 

Silicon 

0.07 

Nickel 

38.08 

Aluminum 

0.88 

Titanium 

1.61 

Cobalt 

15.22 

Columbium  plus 
Tantalum 

3.01 

Processing  and  Heat  Treating 


The  sheet  was  received  in  the  annealed  condition  and  was  heat 
treated  as  follows:  1325  F,  8 hours,  furnace  cool  at  100  F per  hour  to  1150, 

held  for  8 hours,  air  cool. 


Incoloy  903  Alloy  Datf/4^ 

Condition:  Heat  Treated 

Thickness:  .0635  inch 


Properties 

Ri' 

Temperature 

800 

•.  F 
1000 

1200 

Tension 

TUS  (longitudinal),  ksi 

191.9 

170.7 

166.6 

130.6 

TUS  (transverse),  kst 

193.0 

170.1 

163.5 

131.6 

TYS  (longitudinal),  ksi 

155.5 

140,8 

134.8 

116.7 

TYS  (transverse),  kst 

165.0 

142.6 

135.6 

120.4 

e (longitudinal),  percent  in  2 in. 

13.7 

17.3 

17.2 

16.5 

e (transverse),  percent  in  2 in. 

16.0 

15.8 

14.7 

17.3 

G (longitudinal) , 103  ks L 

24.7 

21.6 

22.6 

21.4 

E (transverse),  103  ksi 

25.8 

22.2 

22.3 

21.1 

Compression 

CYS  (longitudinal),  ksi 

167.0 

152.2 

141.4 

122.5 

CYS  (transverse),  ksi 

174.2 

160.9 

145.6 

125.1 

Ec  (longitudinal),  10 3 ksi 

25.2 

22.8 

23.0 

21.4 

Ec  (transverse),  103  ksi 

24.3 

23.7 

23.2 

22.2 

Shear  ^ . . 

SUS  (longitudinal),  ksi 

123.9 

u'c> 

U 

J 

SUS  (transverse),  ksi 

127.8 

U 

U 

U 

Fracture  Toughness 

Kc  (T-L)  ksi/in. 

244.5'  ' 

Axial  Fatigue  (Transverse) 
Unnotched,  R = 0.1 

103  cycles,  ksi 

154 

140 

131 

II 

106  cycles,  ksi 

125 

112 

98 

• I 

107  cycles,  ksi 

84 

73 

67 

u 

Notched,  « 3.0,  R » 0.1 

103  cycles,  ksi 

120 

100 

100 

u 

10F  cycles,  ksi 

73 

64 

64 

u 

107  cycles,  ksi 

46 

44 

44 

u 

I 


Incoloy  903  Alloy  Data  (Continued) 


Temperature,  F 


RT 


800 


1000 


Creep  (transverse) 

0.27.  plastic  deformation,  100  hr,  ksl 
0.27.  plastic  deformation,  1000  Ur,  ksl 

Stress  Rupture  (transverse)  """" 
Rupture,  100  Ur,  ksl 
Rupture,  1000  hr,  ksl 

Stream  Corrosion  (transverse) ^ ^ 

801  TYS,  1000  hr,' maximum 

Coefficient  of  Thermal  Expansion 
5.6  x 10"*  in./in./F 

Density 

0.294  lb. /in.3 


(no  creep) 


NA 

NA 


no  cracks 


48 

35 


50 

44 


1200 


15 

14 


31 

15 


(a)  Values  are  average  of  triplicate  tests  conducted  at  3 it  telle  under  the 
subject  contract  unless  otherwise  indicated.  Fatigue,  creep,  and  stress- 
rupture  values  are  from  c irves  generated  using  the  results  of  a greater 
number  of  tests. 

(b)  Sheet-shear  type  specimen;  average  of  3 tests  in  each  direction. 

(c)  U,  unavailable;  NA,  not  applicable. 

(d)  Specimens  were  18  x 36  with  a center  flaw.  Value  is  average  of  4 tests. 

(e)  "R"  represents  the  algebraic  ratio  of  nttlmum  stress  to  maximum  stress  in 
one  cycle;  that  Is,  R = £>min^S>max‘  "Kt"  represents  the  Neuber-Petersoo 
theoretical  stress  concentration  factor. 

(f)  Room- temperature  three-point  bend  test.  Alternate  immersion  in  3^70  NaCl, 
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FIGURE  2.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  PROPERTIES  OF 
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FIGURE  5.  STRESS -RUPTURE  AND  PLASTIC  DEFORMA- 
TION CURVES  FOR  HEAT-TREATED  INCOLOV 
903  SHEET  (TRANSVERSE) 
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201-T7  Aluminum  Castings 


Material  Description 


201  is  a recently  developed  heat-treatable,  high  strength  aluminum 
casting  alloy  which  contains  copper,  silver,  magnesium,  and  titanium.  Premium 
quality  castings  made  from  this  alloy  have  exhibited  improved  mechanical 
strength  properties  when  compared  to  castings  of  other  conventional  aluminum 
alloys.  The  alloy  can  be  cast  by  sand,  permanent  mold,  or  investment  casting 
techniques. 


The  castings  used  for  this  evaluation  were  actual  production  parts 
used  in  airframe  construction. 


Processing  and  Heat  Treating 


The  alloy  was  tested  in  the  as-received  -T7  condition. 


I 
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201-T7  Alloy  Data(a) 

Condition:  -T7 

Thickness:  Various 


Temperature 

. F 

Properties 

RT 

300 

400 

500 

Tension 

TUS  (longitudinal),  ksi 

67.1 

56.8 

48.4 

29.8 

TYS  (longitudinal),  ksi 

60.0 

49.4 

46.2 

28.3 

e.  (longitudinal),  percent  in  2 in. 

4.7 

7.2 

9.5 

14.5 

£ (longitudinal).  Iff3  ksi 

10.5 

9.6 

8.8 

8.0 

Compression 

CYS  (longitudinal),  ksi 

60.9 

53.6 

48.2 

30.9 

Ec  (longitudinal),  Iff3  ksi 

11.1 

9.9 

9.7 

9.0 

Shear 

39.3(b> 

U(c) 

SUS  (longitudinal),  ksi 

U 

U 

Impact 

V-notch  Charpy,  ft. lbs. 

(longitudinal ) 

U 

U 

U 

(e) 

Axial  Fatigue  (transverse) 

Unnotched,  R - 0.1 

103  cycles,  ksi 

62 

62 

62 

U 

10*  cycles,  ksi 

37 

36 

35 

U 

107  cycles,  ksi 
Notched,  Kt  - 3.0,  R - 0.1 

31 

27 

25 

103  cycles,  ksi 

54 

54 

50 

u 

10*  cycles,  ksi 

22 

21 

19 

u 

107  cycles,  ksi 

16 

14 

12 

u 
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201-T7  Alloy  Data  (Continued) 


Temperature 

. F 

Properties 

RT 

300 

400 

500 

Creep  (transvorse) 

0.27.  plartle  deformation,  100  hr,  ksi 

U 

43 

34 

8 

0.27.  plastic  deformation,  1000  hr,  ksi 

u 

41 

19 

4.5 

Stress  Rupture  (transverse) 
Rupture,  100  hr,  ksi 

u 

50 

39 

13 

Rupture,  1000  hr,  ksi 

u 

47 

32 

3.5 

Stress  Corrosion  (transverse) ^ 
80'/.  TYS,  1000  hr,  maximum 

no  cracks 

(a)  Value*  are  average  of  triplicate  testa  conducted  at  Battelle  under  the 
subject  contract  unless  otherwise  indicated.  Fatigue,  creep,  and 
stress  rupture  values  are  from  curves  generated  using  the  results  of  a 
greater  number  of  tests. 

(b)  Double-shear  pin-type  specimen;  average  of  4 tests. 

(c)  U,  unavailable;  NA,  not  applicable. 

(d)  Average  of  6 tests. 

(e)  "R"  represents  the  algebraic  ratio  of  minimum  stress  to  maximum  stress 

in  one  cycle;  that  1b,  R » "Kt"  represents  the  Neuber- 

Peterson  theoretical  stress  concentration  factor. 

(f)  Room-temperature  three-point  bend  test.  Alternate  Immersion  in  3 1/2°/,  NaCl. 
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FIGURE  1.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF 
201 -T7  ALUMINIUM  ALLOY  CASTINGS 


FIGURE 


EFFECT  DG  TEMPERATURE  ON  THE  COMPRESSIVE  PROPER!! 
OF  201  -TV  ALUM!  STM  AI.I.OY  CASTINGS 


